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i.O INTRODUCTION 

This final report describes assistance provided the NASA-Langley 
Research Center from 10 February 1970 to 9 February 1971 under Contract 
NAS I-9808 in the analysis of aeroelastic model stability augmentation systems . 
All previously published documents and Coordination Sheets prepared under the 
contract are contained in this single document. 

Section 2.0 contains Boeing Document D3-8390-1 which presents results 
of an analytical and mechanization study conducted for two flutter SAS concepts 
developed by Dr. Eliahu Nissim of the NASA-Langley Aeroelasticity Branch. 

Section 3.0 is a work statement for a proposed design and mechani- 
zation of a ride control system for the B-52 aeroelastic model. This work 
statement was previously released as Boeing Document D3-8390-2. 

Boeing Document D3-8390-3, presented in Section U.0, contains results 
of a study conducted to evaluate the B-52 aeroelastic model aileron and elevator 
actuation systems and proposed modifications to provide satisfactory performance . 

Section 5*0 contains Boeing Coordination Sheet SDF-79-0. This report 
describes a study conducted to provide a basis for comparing B-52 aeroelastic 
model wind tunnel gust response data to flight test data. 

Section 6.0 contains Boeing Coordination Sheet 3-7560-70-76 which 
presents a summary of technical support provided for mechanizing a flutter 
suppression system on the SST wing aeroelastic model. 
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ABSTRACT 


This document discusses analysis results of stability augmentation systems 
for aeroelastic models , accomplished under NASA-Langley Besearch Center 
Contract NAS I-9808. 
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ABSTRACT 


This document discusses results of an active flutter suppression system 
analysis using a Boeing Supersonic Transport 969 - 300 configuration. The work 
was accomplished under NASA- Langley Contract NASI-98O8. Dr. Eliahu Nissim of 
the NASA- Langley Aeroelasticity Branch, Dynamic Loads Division, developed the 
two concepts analyzed. 
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1.0 INTROD UCTION AND SUMMARY 

This report presents the results of an analytical and mechanization 
study conducted for two flutter SAS concepts developed by Dr. Eliahu Nissim of 
the NASA- Langley Aeroelasticity Branch, Dynamic Loads Division. Concept No. 1 
utilizes only the wing trailing edge control surface (s). Concept No. 2 utilizes 
leading and trailing edge control surfaces operating simultaneously. Theoretically, 
the combined use of leading and trailing edge control surfaces will improve the 
surface coupling (controllability) with vertical bending and torsional structural 
modes and decrease the coupling between bending and torsional modes. 

The purpose of this study was: 

• To determine flutter speed using full scale 9 ^> 9~300 SST 
equations of motion augmented with flutter SAS concepts 
No. 1 and No. 2. 

« To develop a method of implementing these concepts for 
wind tunnel testing. 

The wing is configured with three leading edge control surfaces (out- 
board, mid- span and inboard) and three corresponding trailing edge control 
surfaces. Five combinations of control surfaces and SAS concepts were analyzed 
during this study. These combinations and corresponding flutter speed improve- 
ments are as follows: 

• 4.5 percent for the outboard trailing edge surface with 
flutter SAS No. 1. 

• 11 percent for the leading/ trailing (L/T) edge outboard 
surfaces with SAS No. 2. 

• 28 percent for the L/T edge mid- span surfaces with SAS No. 2. 

0 21 percent for the L/T edge inboard surfaces with SAS No. 2. 

0 Greater than 4l percent for the combined l/t edge inboard 
and mid- span surfaces with SAS No. 2. 

Figure 1 illustrates the flutter problem on an airspeed root locus 
plot for the combined inboard and mid- span l/t edge surfaces at a constant 
Mach No. = 0.9, Airspeed was varied by changing altitude while holding Mach 
number constant. The free airplane encounters instability at 422 KCAS. The 
airplane augmented with flutter concept No. 2 using both inboard and mid- span 
surfaces is flutter free for airspeeds up to 595 KCAS (altitude: sea level). 

Figure 2 presents the third and fourth elastic mode damping ratio as a function 
of airspeed for the combined surface cafiguration. Similar plots for each of 
the other flutter SAS concepts are included in Section 2.0. 
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All flutter concepts and surface combinations cause a low frequency 
(phugoid mode) instability at the selected gains. Stability results indicate 
that phase lead Bind a decrease in amplitude at this frequency, obtained with a 
high-pass filter, would stabilize this mode. 

Flutter SAS concept No. 1 using an outboard control surface is scheduled 
to be mechanized and tested on NASA- Langley’s l/l7 scale SST wing model. 

A block diagram of the system to be mechanized is shown in Figure 3* 

The primary problem associated with mechanization is that the systems require 
the rate signal to be divided by frequency. Two methods of mechanizing the 
flutter augmentation systems were tested on an analog computer to assess the 
feasibility of measuring instantaneous frequency (period) based on the simple 
harmonic motion relationship: m2 = (acceleration |/| displacement | . The other 

method measures ^period" by detecting zero-crossings. Both mechanizations 
adequately measure the steady- state frequency over the frequency range of primary 
interest (5 to 25 Hz). 
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FLUTTER SAS BLOCK DIAGRAM 
Figure 3 















2.0 


HOTTER ANALYSIS 


2.1 Full Scale SST Equations of Motion 

Flutter analyses were conducted using the 969- 300 SST configuration 
at Mach 0.9 and a gross weight of 395jOOO pounds. The equations were 
modified to inooiporate a 20 percent chord leading edge control surface. 
Figure 4 shows the location of the control surfaces, and Z (vertical 
translation) and © (pitch angle) response stations for the wing. Vertical 
acceleration was sensed at chord (panel) stations that correspond to 30 
and 70 percent chord. 

The linear differential equations representing the 969-300 
SST airplane configuration were written with forward speed and air density 
as explicit functions. This permitted varying the forward velocity as 
a function of altitude at constant Mach number to determine flutter speed. 

The math model includes two rigid body and ten structural modes. The 
aerodynamic theory used for the leading and trailing edge control surfaces 
was steady- state lifting surface with first-order lift growth approximations 
(Wagner functions) to represent unsteady aerodynamics. 

2.2 Results 

Both flutter SAS concepts employ a signal which has the same 
amplitude as displacement but is in phase with rate. This signal was 
generated for the stability study by using phase root locus to introduce 
a phase shift (e3®) without changing the signal amplitude as a function 
of frequency. A block diagram of the system as arranged for stability 
analysis is shown in Figure 9* 

Free airplane flutter is encountered when the third elastic 
mode crosses the imaginary axis at 422 KCAS. As speed is increased 
further the fourth elastic mode becomes unstable at 435 KCAS. The 
trailing edge control surface primarily stabilizes the fourth elastic 
mode whereas stability of the third mode is predominantly controlled with 
the leading/trailing edge surfaces. This conclusion is illustrated in 
Figure 6 by comparing the results for SAS No. 1 and No. 2 with outboard 
surfaces. Figure 7 shows the third and fourth mode d amp ing ratio as a 
function of airspeed for the mid- span and inboard surfaces. Airspeed 
root locus plots for SAS No. 1 using a trailing edge surface and for SAS 
No. 2 using outboard, mid- span and inboard l/t edge surfaces are portrayed 
in Figures 8 through 11. 
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WING PANELING DIAGRAM 
Figure 4 





FLUTTER SAS DIAGRAM FOR STABILITY ANALYSIS 
(Leading/Trailing Edge Control Surfaces) 
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EFFECT OF SAS ON FLUTTER SPEED 
Figure 6 
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FLUTTER SAS ROOT LOCUS 
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NOTES: 
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2) . Free Airplane 

3) — With Flutter SAS No. 2 
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3.0 FLUTTER SAS MECHANIZATION 

To mechanize these flutter SAS concepts it is necessary to 
measure the feedback signal frequency (or period) or to generate 90 
degrees phase lead. An analog computer simulation was developed to 
assess the feasibility of measuring frequency using analog components. 

The "frequency” measurement was based on the simple harmonic motion 
relationship: « (acceleration)/ (displacement! • Sections 3.1 and 

3*2 describe the mechanization and performance of this technique. 

A second analog simulation was utilized to evaluate a technique 
that measures the signal ^period". This method eliminates some division 
and square root circuits associated with the frequency method. Section 
3« 3 describes the mechanization and performance of this system. 

3.1 Description of Conputer Circuit for Measuring Frequency 

An analog computer diagram for one channel of the SAS is shown 
in Figure 12. The numerator and denominator terms which form the radian 
frequency («>) are passed through approximate derivative circuits to 
eliminate any d.c. bias in either signal. The voltage signals from the 
derivative circuits are then rectified to accommodate the electronic 
multiplier division circuit producing ta^. 

threshold logic was mechanized using a relay conparator to 
alleviate the noise simplification produced by the division circuit when 
the numerator and denominator voltages are s ma ll* When the voltage 
representing the denominator , |Z2l> I s above the threshold value the 
frequency is formed by the equation ta£ =|Z 2 / Zg | • When this voltage 
is less than the threshold, the value of ia| before the relay switches 
is stored. Ihis mechanization also eliminates division by zero when 
the oscillatory transient solution of the plant equations decays to 
zero, leaving only the steady state solution (as for a step plant disturbance). 

While the relay comparator is switching, the numerator and 
denominator voltages are both momentarily zero which causes the amplifiers 
in the division circuit to saturate. This produces the spikes on the 
time history for taj shown in Figure 13 and, without filtering, these 
spikes appear in the square root as well. Several first order filters 
were tried to alleviate this difficulty. The time histories shown in 
Figure 13 were recorded with the filter G(S) = 
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The analog components required to mechanize this single channel 
on the TR-48 computer are tabulated below; 

20 Summing Amplifiers 
3 Integrating Amplifiers 
1 Relay Comparator 
1 Electronic Comparator and Switch 
3 Electronic Multipliers 
11 Potentiometers 

3.2 Frequency Measuring Circuit Performance 

The capability of the mechanization to measure instantaneous 
frequency for simple harmonic motion is illustrated in Figure 14. This 
figure shows the acceleration, displacement, radian frequency squared, 
and the radian frequency for step changes in frequency. 

The ratio which forms the radian "frequency" is not constant, 
in general, for a multi -degree- of- freedom plant containing more than 
one oscillatory mode. This is due to each degree-of- freedom consisting 
Of a weighted sum of all the oscillatory inodes. Figure 14 shows this 
for a coupled two degree -of- freedom plant with two lightly danped modes. 
This figure shows the two displacements and the radian "frequency" formed 
by the ratio [X 3 - X 2 |/|X 3 - xgl* 

3*3 Period Measuring Mechanization and Performance 

Figure 15 illustrates the performance of the "period" measuring 
mechanization for simple harmonic motion. The figure shows the system 
response for input oscillations of 5 and 50 Hz, OMs method measures the 
"period" by detecting zero- crossings. The system updates after each 
zero- crossing and holds this value until the next crossing. Therefore, the 
measured "period" is not instantaneous. An analog circuit diagram and 
signal sketches for one channel of the SAS is presented in Figure 16. 

This approach to measuring the period forces a trade-off between accuracy 
at low frequency and speed of response since a first-order lag is used as 
an approximate integrator. Its associated time constant determines how 
fast the voltage on the integrator changes. 

The data indicates that the steady- state error in the frequency 
range of interest (5 to 25 Hz) is less than 3 percent. The transient 
response for a step change in frequency has a nominal rise time of 
approximately 0.25 seconds. This value increases approximately 50 percent 
when the step change occurs at the maximum integrator voltage. 
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FOREWORD 


This work statement describes the proposed design and mechanization 
of a ride control system for a B -52 aeroelastic model. The work will be 
accomplished under NASA Contract No. NASl-9808. 
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INTRODUCTION 


▼ 


▼ 


A Boeing -Wichita IR & D analytical research program is being conducted 
to determine the ride improvement attainable with a ride control system (RCS) 
on the CCV B-52 airplane* The objective of this program is to reduce RMS vertical 
accelerations along the fuselage with maximum emphasis on reducing acceleration 
at the pilot station. Preliminary results from this study ' indicate that a forward 
body canard surface is required to achieve a significant reduction in forward 
body vertical acceleration as illustrated in Figures 1 and 2. These studies 
also show the maximum reduction in acceleration along the entire fuselage is 
obtained with a combined canard and flaperon system as depicted in Figure 3* 

A simplified analysis conducted in a previous study to identify the optimum 
control surface location for gust alleviation indicates that a control force 
applied at the airplane center of pressure provides maximum vertical acceleration 
reductions along the fuselage (see Reference 1). 


The objective of this study is to design and evaluate a RCS for the 
B-52E aeroelastic model with maximum performance for minimum model modifications. 
To realize this objective, the RCS synthesis will be accomplished in phases 
with the design processes terminating when a satisfactory design is obtained. 
Langley will review and judge system performance periodically. 

Phase I will evaluate and summarize the ride inprovement attainable 
with the existing elevator and aileron surfaces. Results of previous Boeing 
RCS studies will be reviewed. Additional analytical work will be conducted 
only as required to determine *hat ride improvement is achievable with these 
surfaces. Phase II w ill investigate the improvement feasible with a canard/ 
elevator system or canard/aileron system. Studies to date have not thoroughly 
evaluated this combination of surfaces. Phase III will apply the canard/ 
flaperon system, designed for the CCV airplane, to the B-52 model. 

Results for each phase of work described herein will be informally 
transmitted to NASA- Langley at their completion. The final design, mechanization 
and wind tunnel test results will be documented as a dash number to this basic 
document at the completion of RCS testing. 


REVLTR: 



NO. 

j SECT 

PAGE 1 


K-SOSS R 1 







a 


\ 



VS /? T/C A L # REDUCT/OfVS VV/rN 
MODE SUPPRESS/ON SY STEMS 


T\GUiZE 2 


3 


V£f? TtC/IL 



▼ ▼ 

2.0 DESIGN OF RIDE CONTROL SYSTEM 

A ride control system will be designed which analytically demonstrates 
the feasibility of improving passenger/pilot ride using active controls. Another 
parallel effort currently underway is directed toward mechanizing the system 
on the B-52 model. Control surfaces and control surface locations to be considered 
in the study are shown in Figure 4. 

The goal for system design will be to obtain a minimum of 30 percent 
reduction in RMS vertical accelerations along the fuselage as illustrated in 
Figure 5» This is judged to be a realistic goal since the ride problem is less 
severe for the two heavy-weight model flight conditions as compared to the CCV 
condition (400 KEAS and 222 K3PS) and large percent reduction more difficult to 
obtain. 


2.1 Phase I - Existing Control Surfaces 

Indications from various B-52 stability and ride control studies are 
that the elevator, employing aft body sensors, primarily.' damps the short period 
with some improvement in aft fuselage acceleration. The aft fuselage acceleration 
reduction obtained during the 1195 program using elevator surfaces controlled 
with aft body pitch rate is presented in Figure 6. However, it should be noted 
that most of the ride control design efforts on the B-52 airplane have emphasized 
improvement at the pilot station thereby locating the motion sensor near this 
station. This causes acceleration in the aft body to increase when using the 
elevator. 

The mid- span aileron surfaces (existing on the B-52 model) couple 
with the aft body modes to reduce acceleration but these surfaces also excite 
wing modes. 

During this phase previous Boeing RCS studies will be reviewed. 
Additional work will be accomplished as required (probably on the aileron 
surface) to determine what improvement is attainable with these surfaces. 

2.2 Phase II - Canard Surfaces 

Previous studies have not completely evaluated canard/e levator and 
canard/aileron type of systems which sense motion in the forward and aft body. 
These systems will be analyzed before considering a flaperon system for the model. 
Figure 2 indicates that the minimum addition of a canard surface will probably 
be required to reduce acceleration along the entire fuselage. 
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DESIGN GOAL FOR VERTICAL ACCEIERATION 
FIGURE 5 



VERTICAL ACCELERATION (A) 
ECP 1195 FLIGHT TEST RESULTS 

FIGURE 6 
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2 . 2.1 


Mathematical Model 


The B-52 model equations of motion that exist for flight conditions 
1 and 2 (defined in Reference 2) do not include canard surfaces. The canards 
will he represented by a point force at the appropriate body station for these 
initial studies to evaluate the combination of aileron/canard and elevator /canard 
surfaces. This technique is expected to provide a good representation of the 
canard surface with the existing equations. A l4 DOF math model will be utilized 
for SAS synthesis. 

The atmospheric turbulence model for evaluating aircraft ride will 
be the von Karman spectrum having the following power spectral density: 


$(u)) = 


1 + 2.667(1.339 |^) 2 

crg^ L Uo 


nDb [l + (1.339 iff) 2 ! n/6 

Uo 


where: Og - RMS gust velocity, ft/sec 

U 0 = aircraft velocity, ft/sec 
L = turbulence scale length, ft 
u) = frequency, rad/sec 

The RMS gust velocity will be 1 ft/sec with the turbulence scale as follows: 


Turbulence Scale, L (ft) 

500 

1000 

2500 


Height Above Terrain (ft) 

0 to 500 
500 to 2500 
Above 2500 


2.2.2 SAS Synthesis 


A conventional type of SAS design will be employed. Stability, gain 
values, gain margin and phase margin will be derived from root locus results. 
Ride improvement will be determined from power spectral density analyses. 

Results of the RCS design will define the feedback signal (sensor 
type and location), gain and compensation for each control surface. This study 
will also establish theoretical reduction in vertical acceleration along the 
fuselage, and rate and displacement requirements for each surface. 
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2 . 2.3 


SAS Mechanization 


A preliminary estimate of the space and weight required to install a 
canard system in the model at the model station corresponding to B.S. 172 has 
been formulated based on an estimate of the size, inertia and deflection of the 
canard. From the CCV configuration an area of 10 ft^/side and deflections of 
10 degrees with the same frequency response (40 cps) as the aileron and elevator 
systems were assumed. Additional canard assumptions included a 4 foot semi- 
span, leading edge swept 30 ° trailing edge normal to the fuselage and a 10 
percent maximum thickness to chord ratio. It was also assumed that the hinge 
line was located at approximately 25 percent of the mean aerodynamic chord to 
minimize torque requirements. Model airloads were assumed at .15 in-oz-/degree 
to allow for inaccuracies. The total load inertia derived for the surface, 
linkage, potentiometer, tachometer, shafts, etc. was .00054 in-oz-sec2. 

Two torque motors were considered for providing 10 degrees deflection 
out to 20 cps model frequency. These were Aeroflex motors TQ18-7 and TQG25-3 
with a continuous torque of 8 and 10 in-oz respectively. The TQG25-3 motor is 
an integrated torque motor- tachometer package. Using a TA-42DC power amplifier 
with these motors will produce a displacement amplitude of 20 degrees at 20 cps. 
Therefore, these motors should give the required performance with rate and 
position feedback. 

From the fuselage assembly drawing, it appears the area above the 
elastic member in the vicinity of B.S. 172 would offer sufficient space to 
mount the TQ,l8-7 motor, potentiometer and tachometer. This area has the 
following equipment presently mounted. 

A. Accelerometer (Kistler 303T) - item 48 

B. Converter l4v (p/n 93A236-1) - item 47 

C. Support brackets for the above equipment. 

Since a forward body accelerometer is probably required, it will be 
necessary to locate the canard aft at approximately B.S. 190 or to relocate 
the accelerometer. The area below the elastic member could possibly permit the 
installation of the canard system or the accelerometer. This would involve the 
relocation of: 

A. Transducer selector (Model 1, s/n -100 ) - item 46 

B. Support bracket for item 46. 

It appears that this equipment could be relocated to the area below 
the aileron drive system, with the aileron trim system removed. 
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The estimated weight of the canard system is 18.5 oz for TQI8-7 
motor and 23-5 oz for the T£G25-3 motor. The motor- tachometer combination 
(TQ.G25-3) is 2.5 inch diameter by 1.4 long. The dimensions of the TQ18-7 is 
1.87 inches in diameter and the length is 1.10 inches. 

Canard installation will require fabrication of surfaces and mounting 
brackets for the surfaces and equipment. Modification to the model should be 
minor . 


2*3 Phase HI - Canard and Flaperon Surfaces 

The advantage of flaperons over the aileron surfaces is that they 
effectively reduce aft body vertical acceleration with a minimum excitation 
of wing modes. The flaperons are located near the airplane center of pressure 
and tend to provide ride improvement all along the fuselage except at the 
pilot station. This conclusion is illustrated by comparing Figure 2 (canard 
system) and Figure 3 (canard/flaperon system). 

During this phase the canard/flaperon system, designed for the CCV 
airplane, will be applied to the B-52 model. 

2.3.1 Math Model 

The existing model equations do not include flaperon surfaces. It 
is questionable whether a point force representation for the aileron will 
provide the required accuracy. The equations will, therefore, be modified to 
include flaperon and canard surfaces. Hie turbulence model for this phase is 
described in Section 2.2.1, 

2.3.2 SAS Synthesis 

SAS design will be similar to the method described in Section 2.2.2. 
2.3*3 SAS Me chan iz at ion 

A preliminary evaluation was conducted to determine the effect of 
changing from the existing aileron surfaces to flaperon surfaces. Installing 
flaperon surfaces will require a modification to the model wings and minor 
changes in mechanization to convert the aileron control system to the flaperon. 
Flaperon surfaces and support structure will have to be fabricated and installed 
in the wing. Mechanization will require new pushrods, brackets and shafts as 
a minimum. 


3.0 REFERENCES 


1. Coordination Sheet No. 3-7560-70-9, "Results of B-52H Vertical 
Ride Smoothing SAS Conceptual Studies — EWI 6107 Final Report 1 ’, 
from JIArnold and GOThompson to EJSullivan, dated 23 January 1970. 
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1.0 


SUMMARY 


This document contains the results of an evaluation of the aileron 
and elevator actuation systems installed in the B-52 aeroelastic model. 

This work was accomplished under NASA-Langley Research Center Contract NAS 

1 - 9808 . 


This evaluation consisted of an analytical assessment of the 
capability of the actuation systems and laboratory tests of breadboard 
simulations to identify modifications which provided satisfactory performance. 

The results of this study indicate that the existing actuation 
systems will meet performance and stability requirements with a minimum of 
modifications. Rate feedback capability is required to provide stability at 
the high system bandpass necessary to attain the desired performance. Other 
modifications are required to minimize friction and inertia. No attempt was 
made to optimize the actuation systems, but modifications were identified 
which permit the systems to meet the performance and stability requirements. 

The right hand aileron and the elevator actuation systems in the 
model were modified during January 1971. The modified aileron system per- 
formance was satisfactory, but additional modifications are required to reduce 
friction in the elevator system (see Appendix A). 
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2.0 


INTRODUCTION 


▼ 


The Aeroelasticity Branch of NASA-Langley Research Center has procured 
a l/30th scale aeroelastic model of a B-52E airplane with active aileron and 
elevator systems installed. NASA has initiated a research program to demon- 
strate a gust alleviation stability augmentation system on this model in the 
Langley transonic wind tunnel. This document describes an evaluation of the 
aileron and elevator actuation systems conducted under NASA Contract NAS I -9808 
to determine if modifications of these systems were required to accomplish the 
program goal. 

The mass and stiffness properties of this model were scaled to pro- 
duce aeroelastic characteristics equivalent to the airplane from 0 to h.5 Hz 
(model frequency 0 to 25 Hz). The desired performance of the model aileron and 
elevator actuation systems was equivalent to the actuation systems of the B-52E 
LAMS airplane in this primary frequency band. The performance and stability 
requirements for these systems are summarized below, from Reference 1. 

a Usable angle of rotation of each actuation system must be at least 
±25 degrees 

• Each actuation system must be capable of at least 25 in.-oz. peak torque 
at ±19 degrees rotation and 15 to 20 in.-oz. continuous torque 

• Each actuation system most possess rate capability of at least 750 deg. /sec. 

• Frequency response of each actuation system shall not exceed three db 
amplitude attenuation and ^5 degrees phase lag at 25 Hz for ±3 degree 
sinusoidal input. The motor-load resonance shall have a nominal damping 
ratio of 0.3, and a minimum of 0.15 

• Each actuation system shall have an input capability of at least ±6 degrees 
(without power amplifier saturation) up to a frequency of 20 Hz 

• The total actuation system hysteresis shall not exceed ±0.20 degrees 
measured at the control surface 

The initial phase of this study was an evaluation of baseline actu- 
ation systems, using the torque motors and power amplifiers from the model. 

The torque motor was directly coupled to the simulated surface inertia in each 
system, as described in Section 3.0. 


Section U.O discusses the testing of simulations of the model actu- 
ation systems to evaluate the mechanical linkage used to transmit torque from 
the motor to the surface. 


Specific modifications to the aileron and elevator actuation systems 
are recommended in Section 5.0. These modifications will permit the systems 
to meet the performance and stability requirements outlined above. 
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A summary of the modifications, accomplished during January 1971 after 
the body of this document was written, is included in Appendix A. This 
appendix includes a detailed setup and checkout procedure for the aileron and 
elevator actuation systems. The performance attained with these modifications 
is discussed and recommendations are made of methods to further improve the 
performance of the systems . 
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3.0 


BASELINE ACTUATION SYSTEM 


The analysis of the B-52 aeroelastic model control surface actuation 
systems began with a linear analysis and laboratory testing of a baseline 
system. This system differs from the actual actuation systems in that the 
torque motor was directly coupled to the simulated surface inertia, rather 
than torque being transmitted to the surface through mechanical linkage. 

This analysis was conducted to determine the capability of the Aeroflex TQ20— 1 
torque motor and TA-100DC power amplifier combination, and to determine the 
feedback compensation required to meet the performance criteria. 

3.1 Linear Analysis 

The linear analysis was based on a mathematical model derived from 
the simplified, lumped parameter representation of the torque motor and load 
inertia shown in Figure 3-1. This representation shows the most general case 
with the load inertia elastically coupled to the motor shaft and aerodynamic 
damping and spring elements included for completeness. The three degrees-of- 
freedom in the system are the armature current, I^> motor angular position, 

© ; and load angular position, ©_. The system input is the power amplifier 
output voltage, V . A complete listing of nomenclature used in the analysis 
is presented in Table 3-1. 

The dynamic equations of the system are referenced to the equilibrium 
state defined by zero motor and load angular position corresponding to zero 
amplifier output voltage. The three differential equations are derived for the 
electromechanical system by applying Kirchhoff’s and Newton’s fundamental laws. 


dl 

I R + V. + h ~ = V 
a a b a dt a 


a 2 °m 

r„ ^ + F„ -r 1 + K„ 9 M - K_ o T = T 

M ,.2 M dt S M S L d 

dt 


a 2 e T dd_ 

L -nr + f l dF + (K s + k l> e L- K s a M = 0 - 
dt 


(1) 

(2) 


(3) 


The electromechanical coupling is provided through the torque sensi- 
tivity constant and the back electromotive force constant . This coupling may 
be expressed in equation form 


T, = K. I and 

d 1 a 


d0 M 
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Loading and Coupling 


/'V'/v 


I T Rotor 1 i i Kg 
'b ( ') — 1 - Inertia ■■-■oj'J 


% 


; L 


e_L __ 
Load 
Inertia 
J T 


=M f l 



I 


Transfer Functions: 


>»■ 
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*T [j L S 2 + F l S + (K s + K l )] 

[( J / + V + K s)( T a S + X ) + “] [V + F L S + ( K S + K l)] - K S 2 ( T a S + X ) 
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M J L S +F L S+ ( K S +K l) 


Baseline System K g « K L = 0, F L = 0, F^ = 0 


r<s) = 

a 


V T a ( 


J„ + J, 


2 S D 

S S + -=• + r- — — 

T T (J„ + J T 
a a M L 


and ^ = 1 
% 


SIMPLIFIED REPRESENTATION OF MOTOR AND LOAD 


FIGURE 3-1 






TABLE 3-1 


SYMBOL 

D 

Fl 

f m 

la 

JL 

J M 

Kb 

% 

k L 

KS 

K t 

Ra 

T d 

V a 

Vb 

©L 

©M 

T a 


NOMENCLATURE 


DEFINITION 

Equivalent viscous dancing coefficient due back 
electromotive force 

Load viscous damping coefficient due to aero- 
dynamic damping 

Mechanical viscous damping coefficient of 
the motor 

Armature current 

Load inertia (simulated surface inertia) 

Rotor inertia 

Back electromotive- force constant 

Torque sensitivity constant 

Load elastic spring coefficient due to aero- 
dynamic restoring force 

Elastic spring coefficient of shafts and 
couplings 

Torque sensitivity to applied voltage 
Armature inductance 
Armature resistance 
Developed torque 

Power amplifier output voltage (input voltage 
to motor) 

Back electromotive force 
Load angular displacement 
Motor angular displacement 
Motor electrical time constant 


UNITS 

in-oz/rad/sec 
in- oz /rad/ sec 


in-oz/rad/sec 

amp 

in-oz-sec^ 

in-oz-sec^ 

volt/rad/sec 

in-oz/amp 

in-oz/rad 

in-oz/rad 

in- oz /volt 
henry 
ohm 
in-oz 
volt 

volt 

radian 

radian 

second 
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Substitution of these identities into the two motor equations 
produces the desired form 


1 R + K. 
a a d 


d&„ dl 

— - + L — - » V 
dt a dt a 


dG M 

r M ^2 + F M dt + = K.I 


S M S L “ i a 


(b) 

(5) 


With the system at rest in the equilibrium condition » the Laplace trans- 
formation of the system equations produces the form 

M + R a) L (S) + S S V S) = V S) 

- K i V s1 + ( J M S 2 + F M 3 + K s) V S) - K s e L (S) = 0 (7) 

- K S V S) + ( J L S * + F L S + K S + K l) V S) = °‘ (8) 


The system of equations may be solved for the transfer function of 
motor angular position due to amplifier voltage using Cramer's rule. This 
transfer function may be expressed as 


a. 


M 


s| 

J T S 2 + F t S + K 0 + K r 

J-J O Lr 

(Rad /Vo It) 

[( J / + V + h) 

(r a s + i) ♦ ds] 

h» a • 

f l s + K s + k l. 

- K s 2 1 

( T a S+1 ) 


(9) 


where K^, = K^/R & , D = K^/R^ and = L a /f? a . The transfer function' of 

load angular position to motor angular position can be determined directly 
from Equation (8). 


K q 

e"(s) = 2 — ~ — 

M S + F. S 


( K s + k l ) 


( 10 ) 
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The baseline system transfer functions are defined by assuming 
Kg « oo, with the aerodynamic terms and motor mechanical damping coefficient 
set to zero. The baseline system transfer functions are 




K / r 
T a 

K + J L ) 

s 

s 2 + JL s + 

D "| 


T 

T /jL + j V 


a 

a \ M L l 


and 



_ t r ^ le characteristics of the TQ2Q-1 torque motor and TA-100DC power 
amplifier are shown in Table 3-II, as summarized from the manufacturer's data. 
The open loop steady state capability of the motor and amplifier combination is 
s own in Figure 3-2, assuming simple harmonic motion. The maximum operating 
range of the motor is ±25 degrees and the maximum accelerations shown correspond 
to amplifier saturation. 


tra ? sfer functions for the open loop motor show that position 
teedback is required for a position command system. A stability analysis of 
+ with Position feedback shows that rate feedback is required to meet 

stability and damping requirements. Without rate feedback, the system is 
unstable above a closed loop natural frequency of 17^ rad/sec for a .0035 
in-oz-sec^ load inertia. The frequency response criteria requires a closed 
loop natural frequency of approximately 250 rad/sec. An induction potentiometer 
was selected for the laboratory test due to its low friction and inertia. This 
provided a more accurate determination of the torque motor/power amplifier 
by eliminating nonlinearities introduced by potentiometer friction. 


^ shows the closed loop block diagram of the elevator control 
system. This block diagram includes the approximate transfer function of a 
pulse sample demodulator required for the induction potentiometer used in 
laboratory testing. The characteristics of this potentiometer and the dc 

^ C y^%T d -^f e fT i l Table 3-p- ™ot locus for this system, shown 

S’ 1 3- , illustrates the stabilization provided by the rate feedback loop. 

Figures 3-5 and 3-6 show the rate and position feedback gains required 
for a range of closed loop natural frequencies and damping ratios, for the two 

assumed surface inertia values. These plots were obtained through a root locus 
anaiys is. 


. P re ^icted hysteresis due to one in-oz of friction and residual 
orque is shown in Figure 3-7 as a function of closed loop natural frequency for 
a nominal damping ratio of 0.30. The hysteresis for the system with the larger 
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TABLE 3-H 

ACTUATION SYSTEM DESIGN VALUES 


DESCRIPTION 


Torque Motor, TQ20-1 
Armature Resistance 
Torque Sensitivity 
Motor Inertia 

Viscous Damping 

Electrical Time Constant 
Torque Output, Continous 


Power Amplifier, TA-100DC 
Output (Maximum) 
Voltage Gain 
Rated Load 


Tachometer, TG 10Y-5 
Output Sensitivity 
Rotor Inertia 


Position Transducer 

Linear Transformer Sensitivity 

Solar Cell 


5. Demodulator (PSD) 
Sensitivity 


6. Control Surfaces (Including Linkage) 
Aileron Inertia 
Elevator Inertia 


SYMBOL 


VALUES 


UNITS 


V (max) 

a 


in-oz/amp 



9.96 
3.2-5 *6 


Volt 


rad/sec 

2 

oz-sec 



m-oz-sec 


in-oz-sec 
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NOTE: 


( 1 ) To rque Motor TQ20 -1 

(2) Load Inertia: .002 in-oz-sec‘ 

( 3 ) A- K x = .253 volt /deg 

K = 8.2 x 10 -U 
* deg/sec 

^N = ^ 5 ® rad/sec 

f = .3 

M Demodulator Itynamics Included 

( 5 ) Poles not shown 
S = -16U1 

s = -151*0 ± j 1571 


■j /200 


J 150 


Li 100 


i Stf> 






Hysteresis 







inertia is smaller since the position feedback gain, K, , must be larger to 
produce the same closed loop natural frequency. These plots show that 
friction must be minimized to meet the system hysteresis requirement of no 
more than 10.20 degrees at the control surface. 

3.2 Laboratory Testing 

Laboratory testing was conducted on breadboard baseline systems 
utilizing the torque motors and power amplifiers from the B-52 model. Three 
Aero flex TQ20-1 torque motors and two Aeroflex TA-100DC power amplifiers were 
received from NASA for this testing. One of the torque motors. Serial 
Number 68F0050, was found to have one of its three windings open and was 
returned to NASA for repair. 

3.2.1 Description of Baseline Systems 

The baseline systems had the torque motor coupled directly to the 
load inertia, as shown in Figure 3-8. An Aeroflex TG10Y-5H DC tachometer was 
coupled to the motor shaft, and a Clifton LTH-ll-B-3 induction potentiometer 
coupled to the load shaft. Testing was conducted for simulated load inertias 
of the aileron and elevator control surfaces. A TR— 48 analog computer was used, 
to provide input /output functions and to shape the position and rate feedback 
signals. The computer patching diagram is shown in Figure 3-9. 

The tachometer and induction potentiometer were selected to minimize 
inertia and friction drag in the system. A full wave pulse sample demodulator 
(PSD) was used with the 1*00 Hz carrier induction potentiometer. Figure 3-10 
shows the frequency response of the demodulator, and the theoretical approxi- 
mation used in the linear analysis. The demodulator gain was adjustable through 
a 10,000 ohm handset potentiometer across the output terminals of the induction 
potentiometer, in series with the demodulator. The voltage gain of the TA-100DC 
power amplifiers was reduced from the nominal 100 volt/volt to 9.96 volt/volt 
by replacing the 250,000 ohm pre -amplifier feedback resistor with a 24,900 ohm 
resistor. This was done to ease scaling requirements on the 10 volt reference 
analog coaputer. 

3.2.2 Test Results 

The two torque motor and power amplifier combinations were found to 
be essentially identical during testing. A comparison of actual system per- 
formance to the theoretical performance is shown in Figures 3-11 and 3-12 for 
the two combinations with the simulated elevator inertia. Figure 3-13 shows 
the comparison with the simulated aileron inertia. The load inertias used in 
the laboratory testing were slightly smaller than the values listed in Table 
3-II which include the linkage inertias. 
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AEROELASTIC MODEL PULSE SAMPLE 
DEMODULATOR FREQUENCY RESPONSE 

Notes : 

Demodulator : PI 

Static Gain : +10 . 39 db 

Input: 1.0 sin (2 7 Tf)t on 

UOO cps carrier 

— ■ .Test Results 

— . — Theoretical Approximation 
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AEROELASTIC MODEL SURFACE CONTROL 
SYSTEM FREQUENCY RESPONSE 

TQ20-1 Motor > Serial Number 68F0049 
TA-100DC Amplifier, Serial Number 68 FOIU 7 
Load Inertia: .0017 in-oz-sec^ 

Demodul at or : PU 
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Rate F.B. : K 2 * 7-0 x 10 

Position F.B.: K, * .255 


-4 Volt 


deg/sec 
.255 volt/deg 


Input: V = 1.00 Bin (2 7rf)t 
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Static Gain: 

Theoretical: +11,88 db 

Actual: +11.7 db 

g.. — — —Baseline Test Results 
Theoretical Results 
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aeroelastic model surface control 

SYSTEM FREQUENCY RESPONSE 
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TQ20-1 Motor, Serial Number 68F00Vr 
|- TA-100DC Amplifier, Serial Number 68F0150 
^ Load Inertia: .0017 in-oz-sec 2 

Demodulator: pl+ 



Rate F.B.: K * 7.0 x 10 -4 — 

d deg/sec 

Position P.B.: = .255 volt/deg 

Input: T o = 1.00 sin (2 7 rf)t 

Static Gain: 

Theoretical: +11.88 db 

Ac tual: +11. 76 db 
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* — .-Theoretical Results 
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The hysteresis of the baseline aileron actuation system is shown in 
Figure 3-14. This plot of motor angular position versus voltage input command 
indicates a hysteresis of ±0.032 degrees, with the simulated aileron inertia. 
Hysteresis increases as elevator inertia increases at a constant closed loop 
natural frequency (see Figure 3-7). 

The transient responses of Figure 3-15 indicate a damping ratio of 
0.24 and a damped natural frequency of 38 Hz. The frequency response of this 
system, shown in Figure 3—13* indicates 0.23 damping ratio with a peak frequency 
of 37 Hz. This shows good agreement between the two testing methods . 

3.3 Conclusions of Baseline System Testing 

The theoretical analysis and laboratory testing of the baseline surface 
actuation systems indicate the TQ20-1 torque motor and TA-100DC power amplifier 
combinations possess the capability of meeting the performance and stability 
requirements . Both rate and position feedback are required to attain this per- 
formance . 


To meet these requirements with the actual control surface actuation 
systems, the friction and inertia of the mechanical linkage must be minimized. 
Testing of simulations of the model aileron and elevator actuation systems is 
discussed in Section 4.0. 
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NOTES: TQ20^1 Motor, Serial Number 68F0047 

TA-100DC Amplifier, Serial Number 68F0150 
Load Inertia: .0031 in-oz-sec^ 

Feedback Gains: - .3^8 -volt /deg, K = .OOO 98 volt /deg/sec 

Input: 0.1 Hz Triangular Wave 
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NOTES: TQ20-1 Motor, Serial Number 68F00^7 

TA-100DC Amplifier, Serial Number 60FO15O 
Load Inertia: .0031 in-oz-sec 2 

Feedback Gains: K = .3^8 volt /deg, K = .00098 volt/deg/sec 
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4.0 AILERON AND ELEVATOR SIMULATIONS 

The analysis and laboratory tests of the baseline control surface actua- 
tion systems proved that the B-52 model torque motor and power amplifier combina- 
tions could meet performance and stability requirements with position and rate 
feedback. The final step in the evaluation of the model actuation systems was 
to determine the effects on performance of the mechanical linkage from torque 
motor to the control surface. For this part of the evaluation, breadboard 
simulations of the model aileron and elevator actuation systems were designed 
and assembled for laboratory tests. The geometric constraints imposed by the 
model were retained within practical limits in the simulations. 

4.1 Description of Existing Aileron Actuation System 

The aileron mechanization installed in the model utilizes a TQ20-1 torque 
motor to drive each of the two surfaces. The motors mount in the model fuselage, 
normal to the fuselage centerline. Torque is transmitted from each motor through 
a crank-pushrod assembly to a shaft routed approximately out each wing elastic 
axis. The torque then is transmitted from this shaft to the trailing edge surface 
through another crank-pushrod assembly. A dc potentiometer, in the fuselage, is 
driven through gears off the shaft. A 0.50 inch diameter potentiometer is coupled 
directly to the aileron hinge shaft to measure the surface angular position. 

The 30 degree change of direction of the shaft is accomplished in the model 
by two miniature universal joints. Flexible bellows couplings in the shaft permit 
flexing of the wing. All bearings used to support the shaft and the surface are 
oil- less bronze type. No provisions were made in the model for the installation of 
a tachometer. 

A more detailed description of the aileron actuation system installed in 
the model is contained in Reference 2. 

4.1.1 Description of Aileron Simulation. 

Figure 4-1 is a photograph of the aileron simulation tested in the 
laboratory. To adequately simulate the vertical bending of the model wing, a wing 
plate was fabricated which approximated the vertical stiffness of the wing. The 
routing of the drive shaft is identical to the routing in the model, except in 
the vertical plane. The shaft in the model is approximately in the same horizontal 
plane as the wing elastic axis. The effects of vertical bending of the wing are 
amplified in the simulation since the shaft is located 0.875 inch above the wing 
plate neutral axis. 

A close-up view of the simulated aileron drive assembly is shown in Figure 
4-2. This photograph illustrates the torque transmission from the torque motor out 
along the wing plate. The brushless, permanent magnet dc tachometer is coupled 
directly to the motor shaft through a bellows coupling which permits same shaft mis- 
alignment. The induction potentiometer is gear driven from the aileron drive shaft. 
This potentiometer and the tachometer provide the position and rate feedback signals 
which are scaled on the analog computer. 
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B-52 AEROELASTIC MODEL AILERON SIMULATION 
FIGURE 4-1 
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SIMULATED AILERON DRIVE ASSEMBLY 
FIGURE 4-2 


« 






Tvro ster ling Instrument G404-56 bellows couplings are used to accomplish 
the 30 degree change in shaft direction. The shaft support between the two 
couplings was necessary to increase the torsional stiffness. Bellows couplings 
tend to buckle m the vertical plane under a torsional load, which appeared during 
testing as a vertical vibration of the two couplings. The added shaft support 
restrained the vibration and increased the torsional stiffness. 


A close-up view of the s imu lated aileron surface is shown in Figure 4—3 
The fabricated crank-pushrod assembly utilizes precision fit pins through the 
cranks and Southwest Products Company 2-DREM-l miniature low friction rod ends 
Teflon washers were inserted between the rod ends and the clevises to eliminate 
inding experienced during tests. An induction potentiometer is coupled directly 

° the simulated aileron shaft to provide a means of evaluating the linkage dynamic 
behavior. 


Stainless steel precision shafting is used for all shafts in the simula- 
tion. All shaft supports utilize stainless steel precision ball bearings to 
minimize friction. 


t will be necessary to mount the tachometer either below or aft of the 
torque motor in the model driven by a crank-pushrod assembly from the motor shaft. 
This method of driving the tachometer was not evaluated, but no difficulty should 
occur if low friction rod ends are used and the inertia of the crank-pushrod 
assembly is minimized. 

4.1.2 Test Results 


Testing of the aileron simulation shows that satisfactory performance 
can be attained with a minimum of modifications to the existing actuation system 
mechanization. Figure 4-4 shows the frequency response of the aileron angular 
position due to a 3 degree sinusoidal input command. This plot indicates a damping 
ratio of 0.21 and 44. 7 degrees phase lag at 25 Hz, which satisfies the frequency 
response requirement. The linkage frequency response, Figure 4-5, illustrates 
two linkage vibration modes, at about 85 Hz and 95 Hz. These modes are lightly 
damped, which is typical of structural modes. The frequencies of these modes are 

well above the primary frequency band of normal operation of the aileron actuation 
system. 


The hysteresis measured at the simulated aileron surface is shown in 
Figure 4-6. The ± .13 degree hysteresis width illustrates the degree that friction 
has been minimized. The positional accuracy of the actuation system is shown in 
the transient responses of Figure 4-7. 
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SIMULATED AILERON SURFACE 
FIGURE k-3 
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FIGURE 4-6 

AILERON ACTUATION SYSTEM HYSTERESIS 


POSITION FEEDBACK GAIN! = O. S2 VOLT/DEG 
RATE FEEDBACK GAIN: 9.0 x I0 -4 " VOLT /DEG/.5EC. 

INPUT: 0.1 V«. TRIANGULAR WAVE, VARYING AMPLITUDE 
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FIGURE 4.-7 

AILERON ACTUATION SVSTEKA 
time HISTORIES 


POSITtON FEEDBACK GAIN O.B2 VOUT/DEG 
RATE FEEDBACK GAIN 9.0 * IO” 4 V0L7/DeG>/SEC 
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4.2 Description of Existing Elevator Actuation System 

The elevator actuation system installed in the B-52 aeroelastic model 
utilizes an Aeroflex TQ20-1 torque motor mounted normal to the fuselage center- 
line. Torque is transmitted aft approximately 20 inches through a crank-pushrod 
linkage that includes a movable pushrod support about mid-way between the torque 
motor and the elevator hinge line. A dc potentiometer is gear driven by the motor 
to measure motor angular position. Another dc potentiometer is gear driven by 
the elevator shaft to measure the elevator angular position relative to the 
horizontal stabilizer. No provisions were made for the installation of a tachom- 
eter. 

The inboard support of each elevator surface is provided by the stainless 
steel elevator shaft supported by an aluminum horizontal stabilizer spar, without 
a bearing or bushing. Each surface is hinged on the outboard end by a 0.032 inch 
diameter steel pin riding on an aluminum bearing surface. Flexible bellows 
couplings permit flexing of the horizontal stabilizer relative to the model fuselage 
without binding the elevator shaft. Oil-less bronze bearings are used in the 
fuselage shaft supports. 

A more detailed description of the elevator actuation system installed in 
the model is contained in Reference 2. 

4.2.1 Description of Elevator Simulation 

An overall view of the elevator simulation tested in the laboratory is 
shown in Figure 4-6. This photograph shows the crank-pushrod assembly which was 
installed in the model. This linkage was later redesigned to reduce the inertia 
reflected to the motor shaft. This was accomplished by reducing the length of the 
two cranks and the pushrod support to provide a crank radius of 0.50 inch. The 
elevator surfaces shown are simplified versions of the actual surfaces, with the 
hinge method retained. 

The close-up view of the simulated elevator drive assembly. Figure 4-9, 
shows the induction potentiometer gear driven by the motor, and the tachometer 
connected to the motor shaft through a bellows coupling. These sensors provided 
position and rate feedback signals which were scaled on the analog computer. 

The simulated elevator surfaces and supports are shown in Figure 4-10. 
Stainless steel precision ball bearings were used in the simulation to minimize 
friction. 
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SIMULATED ELEVATOR DRIVE ASSEMBLY 
FIGURE 4-9 
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SIMULATED ELEVATOR SURFACES 



4,2.2 


Test Results 




Laboratory testing of the simulated elevator actuation system shows 
that the linkage inertia must be reduced to meet performance and stability require- 
ments. With the effective crank radius reduced to 0.50 inch, satisfactory per- 
formance was attained with the TQ20-1 torque motor and TA-100 dc power amplifier 
combination with motor position and rate feedback. The frequency response of 
elevator position due to a 3 degree sinusoidal input com m and shown in Figure 4-11 
indicates a damping ratio of 0.21 with peak frequency of 35 Hz and 43.5 degrees 
phase lag at 25 Hz. This satisfies the frequency response criteria for the elevator 
actuation system. The linkage frequency response. Figure 4-12, shows a linkage 
vibration mode with a peak frequency above 100 Hz, which is well above the nominal 
frequency band of normal operation. 

The system hysteresis plot of Figure 4-13 indicates friction is excessive. 
Part of this hysteresis is due to poor pin fit in the pushrod support arm, but most 
is due to friction in the surface hinges. The ±0.45 degree hysteresis width does 
not meet the requirement, but the hysteresis will be considerably less with the 
reduced friction in the model surface hinges. The transient responses of Figure 
4-l4 illustrate the effect of relatively high hysteresis in the actuation system. 
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FIGURE 4-11 


ELEVATOR ACTUATION SYSTEM FREQUENCY RESPONSE 


POSITION FEEDBACK GAIN: .390 VOLT/DEG 

RATE FEEDBACK GAIN: 10.2 x 10"^ VOLT/DEG/SEC 
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FIGURE 4-12 
ELEVATOR LINKAGE FREQUENCY RESPONSE 

POSITION FEEDBACK GAIN: .390 VOLT/DEG 

RATE FEEDBACK GAIN: 10.2 x 10-4 VOLT/DEG/SEC 

±3 DEG SINUSOIDAL INPUT COMMAND 
( y c = 1.17 SIN (2*rf)t VOLTS) 

NOTE: REDUCED LINKAGE INERTIA 
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F\GURE 4-13 

ELEVATOR ACTUATION SYSTEM 

hysteresis 


POSITION FEEDBACK GAIN; .390 VOLt/dEG 
RAT B FEEDBACK GAIN 1 lO.£ x ICT 4 VOLT/ DEG/SEC 
INPUT : OJ WH TRIANGULAR WAVE > VARYING AMPLITUDE 
NOTE: REDUCED LINKAGE INERTIA 
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FIGURE 4—14- 

ELEVATOR ACT U ACTION SYSTEM 
TIME HISTORIES 


MOTE: POSIT IOW FEEDBACK GAIN! . 390 VOLT/OEG 

RATE FEEDBACK GAIN 10-2 x to -4- VOLT/DEG/SEC 
REDUCED LINKAGE INERTIA 
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5.0 


RECOMMENDATIONS AND CONCLUSIONS 


▼ 


▼ 


This evaluation of the R-52 aeroelastic model aileron and elevator 
actuation systems shows that satisfactory performance can he attained with a 
minimum of modifications. As a minimum, a tachometer will have to he added 
to provide motor rate feedback for each of the three actuation systems 
installed in the model. Every effort should also he made to minimize friction 
through hall hearings and low drag position and rate sensors. 

The friction drag of the 0.5 inch diameter potentiometers coupled 
to the aileron hinge shafts is unknown. If this friction is excessive, a 
solar cell assembly could he utilized as the surface angular position sensor 
in the small space available in the wing trailing edge. The assembly would 
consist of two semi-circular cells mounted on a common base, separated by a 
0.010 gap. A lamp and shield would he required to produce a semi-circular area 
of illumination on the cells such that equal potential is generated by the cells 
in the null position, with the cell assembly mounted on the end of the aileron 
hinge shaft. Some testing was done with a 0.160 inch diameter assembly, but 
inaccuracies in positioning the assembly on the shaft and locating the shield 
and lamp did not permit satisfactory performance. An accurate positioning 
method would have to be developed if this type of angular position sensor were 
used in the model. 

The following modifications to the model actuation systems are recom- 
mended: 


a. Install a low drag, dc tachometer for each actuation system, to 

be driven by the motor shafts through crank -pushrod assemblies, or 
other linkage. It is essential for system stability that motor 
rate be sensed for rate feedback. 

b. Replace all bronze bearings with stainless steel, precision ball 
bearings. 

c. Replace the universal joints in the aileron drive shaft with 
Sterling Instrument C&04-56 Hi-Flex bellows couplings, and if 
required to increase stiffness, install a shaft support between 
each pair of bellows couplings, as shown in Figure U-2. 

d. Replace the fabricated rod ends in the pushrod assembly at the 
aileron surfaces with Southwest Products Company 2-DREM-l, or 
equivalent, low friction miniature rod ends, 

e. Replace the dc potentiometers with induction potentiometers or 

a solar cell assembly. A standard Size 8 induction potentiometer 
could be used in all locations except the wing trailing edge. The 
dc potentiometers already installed in this location should be 
used unless their friction drag is excessive. Demodulators would 
be required for the induction potentiometers , but these would be 
external to the model. 
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f. Redesign the elevator crank -pushrod linkage to reduce its 
inertia reflected hack to the motor shaft. 

Other modifications may he required to make the modifications listed 
above compatible with the remaining parts of the actuation systems. All 
bearings and the elevator hinges should be lubricated properly to reduce 
friction to the maximum extent possible. Precision fit pins should be used at 
all crank-rod end connections to minimize mechanical deadzone. 
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APPENDIX A 


SUMMARY OP MODIFICATIONS OF THE 
B -52 AEROELASTIC MODEL AILERON AND ELEVATOR 
ACTUATION SYSTEMS AND THE RESULTANT PERFORMANCE 


▼ 


This appendix contains an informal report prepared after the aileron 
ft-nri elevator actuation systems were modified and tested in the model. The pri- 
mary purpose of this report was to provide NASA personnel with a detailed set- 
up, checkout, and operation procedure for the model control surface actuation 
systems. 
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▼ 1.0 


INTRODUCTION 


▼ 


This appendix summarizes the modifications of the B-52 aeroelastie 
model elevator and aileron actuation systems and the resultant performance. 
Included in this appendix is a detailed wiring diagram of the analog computer 
circuits used and of the wiring from the computer and the 28 vdc power supply 
to the actuation systems. A detailed set-up and checkout procedure is also 
presented. 

2.0 ELEVATOR ACTUATION SYSTEM 

The elevator system was modified and tested before the aileron sys- 
tem since the parts required were readily available. 

2.1 MODIFICATIONS 

The modifications performed on the elevator actuation system were 
designed to reduce friction and inertia and to install a tachometer providing 
motor rate for feedback compensation of the motor. 

The tachometer was installed aft and below the motor. The tachometer 
is driven directly by the motor through a crank-pushrod assembly. The pushrod 
utilizes two Southwest Products Company 2-DKEM-l miniature, low friction rod 
ends and a 3/16 inch diameter aluminum rod. The torque motor step arm was ex- 
tended and a clevis formed to mate with the rod end. 

The two cranks and the idler arm in the elevator drive linkage were 
shortened to provide a crank radius of 0.50 inch. The drive gear was also 
modified to reduce it’s inertia by leaving only a 90 degree segment of the gear 
teeth to drive the potentiometer. The pushrod rod end is bolted directly to 
the gear. The two pushrods were replaced with rods fabricated of 0.25 inch 
outside d iame ter tubing, The idler arm was also redesigned and fabricated to 
reduce weight. The bronze bushing which was used at the idler arm support shaft 
was replaced with two stainless steel precision ball bearings. 

The model structure designed for mounting a vertical fin below the 
fuselage was trimmed to provide clearance for the aft pushrod. This was neces- 
sary due to the shorter cranks. More should be trimmed to allow operation of 
the elevator throughout the allowable horizontal stabilizer travel. 

2.2 SYSTEM SET-UP AND CHECKOUT 

Figure 1 shows a functional block diagram of the complete elevator 
actuation system and the equipment required for its operation and check out. 

Note that the horizontal stabilizer potentiometer is not shown in this figure. 
The analog computer patching diagram, Figure 2, shows the details of the wiring 
for all, three potentiometers, as well as the analog computer circuits. 


The d.c. power amplifier is mounted on a chassis for convenience. 

A terminal block is provided on the front of the chassis and the common ground 
and the output voltages are available at jack receptacles on top. The ground 
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of the 28 vdc power supply connects to terminal #3 and +28 volts to terminal #8. 

* The chassis contains an on-off switch and a 6 amp fuse for the 28 volt power. 

The power amplifier receives the voltage input, Vg, on terminal #4. The white 
motor leads connect to terminal #2, V13; and the green leads to terminal #1, V g . 
Hie power amplifier is such that when Vg is positive, the output voltage V^-V^ 
is positive. With the motor leads connected as described above, positive voltage 
Vj; produces motor rotation in a positive direction (defined herein as elevator 
trailing edge up). Reversing the motor connections would produce the opposite 
direction of rotation for a given voltage polarity Vg. The gain of the power 
amplifier has been reduced to 10 volt/ volt by changing the pre- amplifier feedback 
resistor to 24.9 Kfl. The power amplifiers with Serial Numbers 68F0147 and 68F0150 
have this change already made. 

Before the elevator and tach linkages are connected to the torque 
motor, the electrical zero of the motor must be determined so that the linkage 
can be connected such that the motor operates in its linear region (± 20 de- 
grees about zero). The factory (Aeroflex) recommended method of determining 
the zero is to feed a small dc voltage (about 0.100 volt) directly to the 
motor terminals. The nominal motor resistance is only 5 ohm. This small 
voltage will cause the motor to rotate to a point of zero sensitivity, which 
for the 4-pole motor would be ± 45 degrees from zero, depending on the polar- 
ity of voltage used. Note that the voltage should not be passed through the 
power amplifier, to give the most accurate results. Rotation of the motor 
shaft 45 degrees in either direction should align the zero within one or two 
degrees, depending on the residual magnetism of the motor. 

The elevator motor installed in the model has the motor zero marked 
on the shaft and stop bracket using a prick punch. This zero was established 
using the power amplifier and should be within ± 3 degrees of true electrical 
zero. 


Once the electrical zero of the torque motor has been determined, 
the linkage can be connected to the motor. This has been done with the hori- 
zontal stabilizer in its zero position. The model has limit switches on the 
stabilizer at 10 ± 1 degree trailing edge down and 5 ± 1 degree trailing edge 
up. The zero position was determined by running the stabilizer trailing edge 
down until the limit switch engaged, then, back off 10 degrees as measured by 
the potentiometer geared to the stabilizer shaft. This appears close by visual 
inspection. In the zero position, the stabilizer chord plane should be parallel 
to the fuselage waterline planes. 

The elevator drive linkage is nonlinear and the best way to adjust 
and set it is unknown. An analysis of the linkage kinematics to determine 
optimum pushrod lengths and positions of the cranks and idler arm at zero 
surface (and motor) position is strongly recommended. The performance index 
could be the difference between ideal (linear) case normally used for push- 
rod linkages and the actual relationship. This difference could be minimized 
using, for example, maxima- minima theory from the calculus. The primary ob- 
jective is to set the linkage so that, as close as possible, one degree motor, 
rotation produces one degree surface rotation (relative to the horizontal 
stabilizer) for the envelope of horizontal stabilizer positions. 
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▼ produces 1,03 (approximately) surface rotation relative to the horizontal T 

stabilizer at the zero stabilizer position. This ratio changes with changing 
stabilizer position, though this was not pursued sufficiently to establish 
trends. 

The power amplifiers will normally have a small dc offset. There 
are no provisions in the amplifiers themselves to null the amplifier output 
voltage. This can be done easily on the analog computer, using a bias voltage 
on Vg to cancel the power amplifier offset. With the offset not cancelled, the 
motor will operate about a point other than zero depending on the sign and mag- 
nitude of the power amplifier offset. The power amplifier voltage zero should 
correspond to the motor electrical zero as determined above, and the motor 
potentiometer zero should correspond to both zeros. 

The strip chart recorder provides a convenient way to monitor the 
system behavior. The Boonshaft transfer function analyzer provides the sine 
wave input and measures amplitude and phase of voltage signal, patched to the 
left hand terminals. The triangular wave function generator provides the in- 
put for measuring hysteresis. The hysteresis is measured by plotting 9g 
vertically and QMq horizontally on the x~y plotter, using a 0.10 Hz triangular 
wave input. The o sc illio scope is used in trouble shooting, for example, in 
monitoring the power amplifier output. 

The analog computer (EAI 580) patching diagram and the wiring to and 
from the model potentiometers are shown in Figure 2. This diagram shows the 
wiring for the elevator system, with the changes required for the aileron sys- 
tem noted on the diagram. Note that no integrators are used in the circuit, 
hence the analog computer can be left in the IC mode, with no need to go to the 
operate (op) mode. No attempt has been made to minimize the number of analog 
amplifiers or potentiometers. 

Amplifiers 78 and 79 are used to form ± 1.0 volt required for the 
potentiometers installed in the model. One volt was chosen since analog com- 
puter reference voltage was to be used and the amplifiers are current limited 
at approximately 2.5 ma. The New England Instrument Company and Waters poten- 
tiometers have only 1000 ± 10$ resistive elements. The 2.5 ma current limit 
is at lOv out of the amplifier. The limit is higher at lower voltage. Satis- 
factory performance was attained with three potentiometers patched from these 
two amplifiers. Three potentiometers in parallel would -require 6 ma total 
current through the resistive elements. 

The power amplifier voltage, ^13- ^9* as output of 

amplifier 08. A scale factor of .5 volt analog/ volt output is used since the 
maximum power amplifier voltage is around 20 volts and the saturation voltage 
on the computer is about 11.5 volts, depending on the amplifier loading. 


The motor angular position is formed as the output of amplifier 29 
and the surface position is formed as the output of amplifier 51* Both of these 
potentiometers are geared 2 to 1 to the shafts whose positions they measure* 

The NEI 78ESB102 potentiometers are designed for 3^0 ± 5 degrees of travel. 

Thus, with + 1.0 to one terminal and - 1.0 volt to the other, the potentiometer 
equation is . 
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* v * C*i-q- h-q’Q^ *e p (<Je 9 }. but e P = 2e M) ov e p = ass 

P 340 deg 


The scaling of the motor position equation then is 

'v- 


54 - ode -9 * Vp^ (vo\t) 


;®M W«9V- ~4^ * 

Since the maximum excursion for the motor rotation is 20 degrees, a scale 
factor of .5 volt- analog/ degree is used. Then, 

L-56 m ] = .sC^-K'-OVp^l • 

Finally, £.56*1 = • 4250 (loK'O) L'-O Vp M ] . 


And, 


C 5 ©si = • 42 SO (io)(loy £\.0 Vp s l . 


Kie dc potentiometers must he wired to 1- gains on the dual amplifiers to 
eliminate loading, which will give lover values of voltage than they should 
he. The 1- gains on the dual anplifiers are 100 KO where as the 10-gains on 
the dual amplifiers and the 1-gains on the quad amplifiers are only 10 K£1 
The lower input resistors will give about 3$ lower output voltages (taking 
into account the feedback resistors) than when the potentiometer outputs are 
patched to 100 Kfi input resistors. 

The horizontal stabilizer potentiometer is geared 2.5 to 1 to the 
stabilizer shaft. Thus, %>0T = 2 *5 %.s t , and the scaling becomes 


V, 


H.*5. 


5 — * 2-S e H . s . (deg) 

340 decj 


Or, 


Q 


tt.S. 


34*0 


x V 


*M.S. 


And, keeping consistent scale factors, 

L-56«.o » 


Which produces 

L-5© h . 9 ,T = . 3,400 (to)(loK' O v Pn. s l • 

This voltage is formed as the output of amplifier 38. Note that when this 
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The remaining wiring on the analog computer is the formation of the 
error voltage of classical servomechanism theory. By referring to the simpli- 
fied block diagram shown in Figure 3j we can obtain the equation for the error 
voltage as 


where V c is the voltage command to the servo system and may be a step, a sine 
wave, or a triangular wave depending upon the desired function. With the 
elevator actuation system, we have the additional coup lie at ion of commanding 
elevator position relative to the moveable horizontal stabilizer, while only 
the motor can be controlled directly. One method of circumventing this diffi- 
culty is to bias the motor one way or the motor such that the elevator is 
(ideally) moving symmetrically with respect to the horizontal stabilizer. 

The relative motion equation relating the motor, elevator, and 
horizontal stabilizer angular positions is, from elementary kinematic theory, 

+ e EUGVATOR/u.s, “ ^ELEVATOR BSOLUT E ^ . 

This equation assumes ideal, linear linkage characteristics and is only an 
approximation for this system. This may be rewritten with Qelevator/^.g, - 9s: 

® 9 U.S. ^ 9 S * 

Bius, if we think in terms of angular motor and surface commands, this equation 
becomes 


& k\ c = ©u.s. -v * 

Assuming we can command up to 20 degrees angular rotation, we will apply the 
scale factor 0.5 volt-analog/deg as before. 

C.-se Mc ] = C-5«s t l '+ • 

But, 0s c must be formed. The step command is formed by patching -1.0 volt to 
the top terminal of Functional Relay 01 (left hand switch), and +1.0 to the 
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v bottom terminal of the same switch. The amplitude of the sine wave is set on * 
the Boonshaft at 1.00 sin wt and formed as the output of amplifier 09* The 
attenuator P05 provides a bias voltage to offset any bias on the sine wave 
from the Boonshaft. The motor command is formed as the output of amplifier 31- 
Hie equation programmed is 

[ - 5 3 =■ _i_ 56s c * lo + (\ 5 en.s.3 • 

10 

Thus, for the step command 


(.50M t l - (.a5© Sc ) * * '° * £-5 ©u.s3 - 

For exanple, a + 3 degree command would be formed by setting attenuator P31 
at (.05 * 3 ” .1500) and admitted to the system by setting Function Relay 01 
to bottom terminal., F.R. 02 to top terminal and F.R. 03 to top terminal. 
Functional Relay 03 also admits the horizontal stabilizer position since it is 
set on the right hand switch. The amplitude of the sine wave is formed in the 
same manner, and is admitted with F.R. 02 set to bottom terminal, and F.R. 03 
set also to bottom terminal. 

The torque motor voltage command is merely the position feedback gain, 
Kx, times the motor angular position command, 6w . Thus, the error voltage 
equation becomes : 


Vg - K, “ K* &K\ - ©fv/y • 


Note that the voltage command is not formed explicitly as the output of an 
anplifier. The error voltage equation cannot be scaled, nor does it require 
scaling. A unity scale factor (1.0 volt- analog/ volt) is used. Thus, 


ti.ov E ] 

Or sinply, 

l*-ov e 3 




Sk, Q. 5©^s c 3 - Q.5 ©m1 - SOOK^ [_.OO£0m3 


It might be well to take into account the sign change across each anplifier. 

+ D-0V e ] = - 1 ><.- L 5© Mc 3} + (2K,){+C.56m$ + (500Kz)^[.002S M j}.j , 


or, Output = -1 Times the irputs. 

The motor rate scaling has been omitted, so it will be inserted at 
this point. The tachometer gradient is 0.18 volt/rad/sec as specified in 
manufacturer's data. Thus, the tachometer voltage generated is 


Vr - 0.(8 — * 0^ (rad/sec) - * (deq / sec.^ - 

voi^Sec 57 , 2> 
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V 


Then, 



5 - 7.3 
0 . (8 


* V T - 


The maximum expected motor angular rate is 5000 deg/sec, and a scale factor 
of .002 volt- analog/deg/ sec will keep the analog ■voltage no higher than 10 
volts as long as this rate is not exceeded. 


Uien, 

L. 002 6^1 = -00& (-gi|) 0-OVrl - 

Or 

’ L-002 9 M ] = .63^7 |_'- ov t3 • 

Note that the tachometer output must also he patched to a 100 Kfl input 
resistor to eliminate loading effects. 


v 


The position and rate feedback loops are closed around the motor by 
setting Function Relay 00 to the top terminal position. The relay contacts 
close simultaneously. If any other method is used, the rate feedback loop 
must be closed first since the system is unstable without rate feedback at 
the operating position feedback gain. Note also that there should be an odd 
number of amplifiers in both the rate and position feedback loops from the 
tachometer and potentiometer to the error voltage, v This is true provided 
the motor is wired to the power amplifier such that positive voltage gives 
a positive voltage on the motor potentiometer. The sign convention used for 
all surfaces, elevator, horizontal stabilizer, and aileron, is that trailing 
edge up is positive. The motor and potent ions ter voltages should be wired to 
conform with this sign convention. 

Attenuators P07 and P37 are patched in series into amplifier 39. 

This makes possible fine adjustment of the bias voltage required to cancel 
the power amplifier dc offset. Care should be taken to insure that the motor 
potentiometer reads zero when the motor shaft is aligned with its zero (and 
the tachometer aligned with its zero) and the power amplifier output voltage' 
is zero before the position (and rate) feedback loops are closed. Otherwise, 
the motor will seek a new "zero" position to operate about. If the offset is 
excessive (4lor 5 degrees) the nx>tor output can be distorted, due to operating 
out of the linear region of the motor. The amount of offset which can be 
tolerated is dependent on the oscillations demanded. The best way of elimina- 
ting this problem is to set the motor stops at ± 20 degrees from zero and 
leave them there. 

Note that the inputs of amplifier 58 are "borrowed" by amplifier 39* 
The patching of an external feedback resistor for amplifier 58 is shown on the 
analog diagram. 


During operation of the control systems, the motor will heat after 
a short period of time when at high frequency and amplitude. The motor will 
draw about 4 amps at its maximum torque, and the motor resistance decreases 
with increasing temperature. This lowers the motor sensitivity. This problem 
should not be encountered below 30 cps and motor amplitude of around 6 degrees. 
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▼ When running a frequency response, it is best to switch out the sine wave 
while data is recorded and frequency is being changed. This also decreases 
wear on the system, and thus prolongs life of the components. 

When closing the feedback loops for the first time after set up, 
it is best to start with the rate loop only, set at low gain, say, 1.0 x 10"^ 
volt/deg/sec. By oscillating the control system by hand, the action of the 
rate feedback should be felt opposing the motion. If it is helping, the feed- 
back is positive and the system is unstable. After the rate feedback loop has 
been checked, keep it closed and repeat the procedure with the position loop. 
Start with a position feedback gain of about .05 volt/deg. As a further check 
on stability, increment both gains gradually up to the operating gains. If an 
instability should occur, immediately place the analog computer in the "Set 
Pot” (SP) mode, and check all wiring. If the gains are very high when the 
instability occurs, it will be obvious immediately when the feedback loops are 
closed. 

One final comment. The torque motor does not produce much torque 
open loop and with friction in the system, it is about impossible to deter- 
mine if the power amplifier and torqjie motor are behaving properly. Charac- 
teristically, the amplifier output and hence the motor angular motion will 
be somewhat distorted. 

2.3 PERFORMANCE ATTAINED 

Rate and position feedback gains were determined which permitted 
the elevator actuation system to meet the frequency response criteria of less 
than 3 db amplitude attentuation and 45 degrees phase lag at 25 Hz, for a 3 
degree sinusoidal input command. The frequency response as measured is 
plotted in Fi g ure 4. The plot was not normalized since the system is non- 
linear. For reference, 3 degrees anplitude is 9.54 db. The equivalent linear 
second order damping ratio of the resonant peak is 0.252. No attempt was made 
to iterate on the feedback gains to satisfy the .30 danping ratio requirement, 
due to the excessive hysteresis present in the system. 

Eie hysteresis is shown graphically in the plot of Figure 5. This 
plot of elevator displacement vs. motor angular displacement command shows a 
hysteresis width of approximately + 0.51 degree. Note that for this plot no 
attempt was made to assure the motor commanded angle was symmetric. It is 
difficult to locate the origin of the coordinates exactly with the hysteresis 
width as wide as this. The hysteresis greatly exceeds the desired width of 
± 0.20 degrees as measured at the elevator shaft. 

Ihe hysteresis is attributable to three things: residual magnetism 
of the motor; coulomb friction at shaft and elevator hinge supports and the 
two dc potentiometers; and physical mismatch (slop) in the linkage itself. 

The residual magnetism appears to be low. The hysteresis attributable to 
physical mismatch in the linkage measures about ± .16 degrees. Most of the 
remaining hysteresis is due to coulomb (dry) friction. This indicates a 
friction torque of 2 to 2.5 ounce- inches. 
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w The total inertia of the linkage and the elevators appears to he * 

slightly over .0035 in-oz-sec 2 , Better performance could be attained with 
this lowered to even .0030 in-oz-sec 2 . The largest improvement in perfor- 
mance would be brought about by the reduction of the coulomb friction to 
below 1.0 oz-in and elimination of the physical mismatch in the linkage. 

2.4 RECOMMENDATIONS OF METHODS TO IMPROVE PERFORMANCE 

If improved performance is desired, the following modifications 
should be helpful: 

1. Fabricate thin oil- less bronze bushings to install in the in- 
board elevator hinge on both sides. Anything that can be done 
to reduce the friction coefficient here would be beneficial. 

The bending of the bellows couplings creates a sizable normal 
force in the hinge. No known ball bearings will fit in the space 
permitted in the hinge. Replacing the two G404-57 bellows coup- 
lings with G404-56 couplings will reduce the bearing normal force, 
and the friction, by 50$. These couplings are .12 inch longer 
and other modifications may be necessary to permit their in- 
stallation. 

2. Replace the four Heim HM-2C rod ends used in the pushrod 
linkage with rod ends manufactured to closer tolerance. With 
the crank radius at only 0.5 inch, any play in the rod ends 
significantly increases the hysteresis. A right hand thread 
rod end should be used on one end of each pushrod and one with 
left hand threads on the other. ttiis would make pushrod length 
adjustments much easier. 

3. As a last resort, in the interest of minimizing friction, the 
two New England Instrument Coup any 78ESB102 potentiometers 
could be replaced by low drag linear transformers (induction 
potentiometers) of an appropriate size and characteristics. 

3.0 AILERON ACTUATION SYSTEM 

Hie modifications performed on the aileron actuation system were 
aimed primarily at reducing coulomb friction in the torque transmission 
linkage, and to install a dc tachometer to provide the means for rate feed- 
back compensation of the torque motor. The testing conducted on this system 
is the same as was conducted on the elevator system. 

3.1 MODIFICATIONS 

The Aeroflex TF10Y-5H d.c. tachometer was installed aft of the 
torque motor installation, on the same mounting frame. The aileron drive 
system is removable in one piece by separating the shafts on either side at 
the bellows couplings and removing two bolts that tie the assembly to the 
model fuselage structure. The tachometer is driven through a crank-pushrod 
assembly that utilizes Southwest Products Company 2-DREM-l miniature, low 
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v friction end rods. The crank at the tachometer was fabricated with a 0.70 inch w 
crank radius, instead of 0.75 inch as required. This will be taken into account 
in scaling the tachometer equation. The other end of the pushrod connects to 
the motor drive pushrod at the drive gear through the use of a compound bolt 
machined to mate with the Heim HM-2C rod end and threaded to bolt the drive 
pushrod to the drive gear. The other end is machined to mate with the 2-DREM-l 
rod end and threaded for a $2-56 nut. A 3/16 diameter aluminum rod is utilized 
also in the pushrod. Only the right hand tachometer has been mounted, though 
everything required for installation of the left hand tachometer has been 
fabricated. The mounting arrangement is the same as the tachometer on the 
right hand side* 

All bronze bushings used in the aileron system have been replaced 
on the right hand aileron with stainless steel precision ball bearings. Before 
this was done, the friction torque was high, an estimated 10 in-oz. The fabri- 
cated rod ends in the pushrod assembly at the aileron surface have been replaced 
with the 2-DREM-l rod ends, also in the interest of reducing friction. This 
made necessary a new pushrod about l/lO of an inch longer than before, and 
aluminum was used rather than steel. The friction of the entire aileron system 
is down to an estimated 1.0 in-oz, or less. 

There was a mismatch of about 0.10 inch vertically between the aileron 
shaft in the wing and the shaft in the drive assembly. This problem was elimi- 
nated by inverting the inboard wing shaft support and placing a washer between 
it and the wing elastic member. The wing panels were checked and no interfer- 
ence was detected. This permitted better alignment of the two shafts in the 
vertical plane. Two Sterling Instrument Company G404-56 bellows couplings are 
used between the shaft in the wing and the shaft in the drive assembly to make 
the 30 degree change of direction. The two couplings are joined by a short 
segment of shaft. The shaft in the drive assembly was replaced by a slightly 
longer shaft to mate with the bellows couplings. 

The 3/16 inch face steel drive gears were machined down about 0.10 
inch and holes drilled through the remaining material to reduce its weight and, 
hence, reduce its inertia. The machining was done on the side opposite the 
gear hub, which is the outboard side. This makes the attachment of the pushrod 
a little difficult. It would be better to have the machining done on the hub 
side of the gear, or to replace the 3/16 face gear with a gear with an 1/8 inch 
face. 


3.2 SYSTEM SET-UP AND CHECKOUT 

Most of the set-up and checkout procedures outlined in Section 2.2 
apply to the aileron actuation system. There are only two potentiometers in 
the aileron system, while there are three in the elevator system. 

As before, the first step in the set-up should be the determination 
of the motor zero to assure linear operation of the motor. This has been done 
for the R.H. aileron torque motor, again by feeding about .1000 volt to the 
motor terminals through the power amplifier. The zero position has been marked 
in orange pencil on the shaft and the motor case. However, it is felt that the 
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▼ marked zero is accurate to only ± 5 or 6 degrees. Before the stop arm and 
drive crank are pinned to the motor shaft, a more accurate determination of 
the motor zero should be made. For small amplitude oscillations, the zero 
marked is of sufficient accuracy. 


The wiring from the analog computer and the 28 vdc power supply to 
the power amplifier is identical to the elevator system. The motor leads are 
patched opposite to the elevator motor leads, to conform to the sign conven- 
tion of positive error voltage, Vg, producing motor rotation in a positive 
sense (defined herein as aileron trailing edge up is positive'). The green 
leads should be connected to the power amplifier terminal #2 (V^o) and the 
white leads connected to terminal #1 (Vq). The wiring to the potentiometers 
must conform to the sign convention. This wiring is shown on the analog 
computer diagram, Figure 2. 


After the two potentiometers have been adjusted so that their zero 
voltage readings coincide with the motor zero, the tachometer must be aligned 
to operate about its zero. It T s linear range extends about ± 40 degrees from 
its zero. Based on experience, care should be taken to align the tachometer 
as close as possible. The zero is scribed on the shaft end and on the case. 

The next step is to check the analog computer wiring. The motor 
potentiometer is gear driven 2 to 1 by the motor and the scaling for 9^ is 
identical to that for the elevator system. The Waters WPS ^ potentiometer 
is direct driven 1 to 1, and the potentiometer is constructed for 300 degrees 
of travel. Thus, the equation for the potentiometer voltage is 


'PS 


2,0 volt 
30Ode-9 




or. 


- 


3 oo 


* V 


Ps * 


Since the aileron is designed for ± 20 degrees of travel, a scale factor of 
0.5 volts- analog/deg will be used. Then, 


L5e s ] = - 5 * L' ov Ps ] 


[.5Q s 'j - .750 o(io)(io^L>-°' j P £ '1 . 


The linearity of this potentiometer is unknown, but it does not appear good. 

The scaling given above produces low readings at the ± 20 degree stops. The 
readings for smaller angles are low, by as much as 15$ at ± 3 degree amplitude. 
The crank and pushrod at the surface have been checked and appear correct. 

Since this po tent iome ter is for instrumentation only (and not feedback) it 
probably has sufficient accuracy. It may be difficult obtaining meaningful 
data from it, though. 


The tachometer crank was made with a 0.70 inch radius, rather than 
the required 0.75« This can be taken into account by assuming the linear 
relationship 
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Then, the tachometer output voltage equation is 


Vr 


0 . \8 volt* 

57.3 deg /sec 


( 7 ) 5 ) (deg/seO. 


Then 6^ 


^7 *3 (*.70) y- an c[ w ith the same scale factor as before, 

0.1B (.75) T 


(..00? © M ] = .5©4£ L'.0V t 3 . 




!Eiis attenuator setting (and all others required) are shown on the analog 
computer wiring diagram. 

The setting of the rate and position feedback gains, and closing of 
the two feedback loops is identical to that described above for the elevator 
system. The setting of the motor command is also the same. The comments re- 
lating to the operation of the elevator system are equally applicable to the 
aileron system. 


3.3 PERFORMANCE ATTAINED 

During the initial set-up and checkout, the Waters WPS I- potentiometer 
was found to have insufficient wiper pressure, and the output was erratic and 
noisy. This potentiometer possessed low friction drag. It was replaced by the 
spare WPS potentiometer which gives a clean, smooth output, but the potentio- 
meter has 3 to 4 in-oz of friction. In addition, the potentiometer gradient 
appears to be a function of position. 

^ j Figure 6 shows the hysteresis for the feedback gains - .3^- volt/deg 
and K2 = 7.0 x 10“ 4 volt/deg/sec, as measured by the Waters potentiometer at 
the surface. This plot of 0 S vs. 6™ shows a hysteresis width of nearly ± 2.1 
degrees. With the potentiometer output voltage so erratic it is difficult to 
tell how accurate the plot is. It is apparent, though, that the hysteresis 
is high. 

Figure 7(b) shows the hysteresis for this case, but measured at the 
motor potentiometer. The hysteresis width at the motor measures approximately 
± .43 degrees. As a comparison, Figure 7(a) shows the hysteresis at the motor 
shaft, with aileron shaft separated at the two G404-56 bellows couplings, to 
be only ± .11 degree. And, the plot of Figure 8 shows the hysteresis at the 
motor with the surface connected, but with the WPS i potentiometer replaced 
by an l/8th inch diameter precision steel shaft. Since there is no perceptible 
slack in the linkage, this plot represents the lowest hysteresis attainable 
for the right hand aileron system, for these feedback gains. This plot of 
8 M vs. 0^ shows approximately ± 0.18 degree hysteresis width, which would 
satisfy tne ± 0.20 degree criteria. 


The effect of the high hysteresis is apparent in the motor frequency 
response shown in Figure 9j for the gains listed above. The high hysteresis 
shows up as a loss of low frequency gain. Three degrees is 9*54 db (deg). 

The motor- load resonant peak occurs at approximately 34 Hz, and a shaft vertical 
vibration mode appears at about 37 Hz. This vibration mode i^ clearly audible 
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▼ and prolonged operation near this frequency should he avoided. This plot 
shows 39*7 degrees phase lag at 25 Hz, and the second order damping is about 

0.25. 

Figure 10 shows the frequency response of motor position for the 
same feedback gains, but with the Waters WPS ^ potentiometer replaced with 
an l/8 inch diameter precision steel shaft. This plot shows a damping ratio 
of about 0.24 and only 35-2 degrees phase lag at 25 cps. The frequency res- 
ponse at the surface should show only 2 or 3 degrees more lag at this frequency, 
provided the angular position sensor has low friction. Thus, the rate feedback 
gain could be increased to bring the magnitude peak down some. 

A frequency response was recorded for these gains at the surface, 
but the accuracy of the values is questionable due to the nonlinearities of 
the Waters WPS 2 potentiometer. 

3.4 RECOMMENDATIONS OF METHODS TO IMPROVE PERFORMANCE 

The performance of the aileron system must be improved to be usable 
in the wind tunnel. The primary problem with the system is the high friction 
in the Waters WPS ^ potentiometer at the surface. There are two alternatives 
to the solution of this problem: 

1. Replace the Waters WPS \ potentiometer with an l/8 inch diameter 
stainless steel precision shaft (to form the aileron inboard 
hinge) and not use an angular position sensor at the surface; or 

2. Replace the Waters potentiometer as above and use an angular 
position sensor with much lower friction drag. One possibility 
is a solar cell assembly, but great care must be used in its 
installation to locate the cell assembly with sufficient 
accuracy on the end of the shaft togive good linearity. 

It is not felt that an angular position sensor at the aileron surface is 
essential for the successful operation of the actuation system. Such a sensor 
at the elevator shaft is desirable, though, due to the linkage nonlinearities. 
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Attachment (A) 


BACKGROUND AND SUMMARY OF RESULTS 

(a) Boeing Document D3-7763-1, B-52 Aeroelastic Model - Summary Report, 1968 

(b) Mitchell, C. G. B., "Assessment of the Accuracy of Gust Response Calcu- 
lations by Comparison with Experiments," J. Aircraft, March-April 1970 

(c) Sawdy, D. T. , "On the Two-Dimensional Atmospheric Turbulence Response of 
an Airplane," Doctoral Thesis, University of Kansas, 1966 

Background 

The B-52 Aeroelastic Ifcdel Program is a wind tunnel study being conducted by 
the National Aeronautics and Space Administration (NASA) • The study will e- 
valuate the feasibility of using a dynamically scaled elastic model in a wind 
tunnel to obtain gust response data. The model represents a B-52E flight test 
airplane which carried a nose-mounted probe instrumented to measure gusts, and 
for which a large amount of flight test gust response data is available. 

The Boeing Company furnished design data for the model design, theoretical 
equations of motion for the airplane and model, flight test gust response 
data, and theoretical gust response data. These items were included in the 
four volumes summarized in Reference (a). 

The theoretical gust responses were based on the assumption that atmospheric 
turbulence would vary along the flight path in a statistically des crib able 
manner, but that no spanwise variations would occur — at a given instant 
the vertical gust at the left wing tip would be exactly the same as the^ 
vertical gust at the right wing tip. This is referred to as one dimensional 
random turbulence. The theoretical method of predicting responses to turbulence 
with random spanwise variations, referred to as two-dimensional random turbulence 
was known but was considered too expensive to use. An application of 2-D gust 
theory to a similar problem is given by D. Sawdy in Reference (c). 

The present study was begun because of obvious disagreement between theoretical 
and test responses, and because of the development of more economical computer 
programs to perform the 2-D gust computations. The problem we are addressing 
is well stated by C. Mitchell in Reference (b). Quoting from his conclusions, 

"The standard of the gust response calculations described in this 
paper is believed to be typical of those made to date. Inprovements 
that can be immediately foreseen are the inclusion of the unsteady 
aerodynamic interference between the wing and tailplane, and the 
extension of calculations to include the variation of turbulence 
across the span of the airplane . Both these improvements will 
increase the amount of computing significantly. 

"It has been shown, by comparison with flight measurements, that 
the present day calculations — overestimate the excitation of 
the higher frequency elastic inodes appreciably. — The accelerations 
at the extremities of flexible aircraft are lower in flight than 
would be predicted." 



Attachment (A) 
Page 2 


The first problem stated by Mr. Mitchell, wing and tailplane unsteady inter- 
ference, can be approached through wind tunnel investigations. However, the 
the second problem, variation of turbulence across the span of the airplane, 
refers to a type of turbulence fundamentally different from that which will 
be generated in the wind tunnel. The differences between response to 2-D 
turbulence and 1-D turbulence, since they are appreciable, must be theoretically 
estimated and applied as corrections to wind tunnel data before comparison with 
flight test data can be made. The purpose of this report is to present the 
results of such a theoretical study for the B-52 flight condition simulated by the 
B-52 aeroelastic model. 

Summary of Results 

The theoretical amplitudes of B-52 responses in atmospheric turbulence are 
considerably different using two-dimensional turbulence models than when 
using one -dimensional turbulence models. The phase angle between response and 
gust is not appreciably different, 1-D vs. 2-D. Low coherency between gust and 
response (less than .01 at some frequencies less than 7 Hertz) is predicted by 
the two-dimensional gust theory. 

Response amplitude to gust amplitude ratios versus frequency for the 1-D gust 
theory tend to be higher than for 2-D theory and this difference increases 
with frequency. Bending moment at wing station 222, for example , at 0.6 5 Hz 
is k0% higher for 1-D gusts than for 2-D gusts. (The figures in Attachment (b) 
show squared amplitudes which show a factor of 2 difference.) The trends are 
not invariable, however. The effects of mode coupling, tuning from penetration 
effects, and peculiarities of the mode shapes preclude "rule-of-thumb" fore- 
casting here, as in most multiple freedom problems. 

The differences between responses to 2-D and 1-D turbulence, as shown on the 
figures of Attachment (b), should be interpreted as expected differences 
between flight test results (2-D turbulence) and wind tunnel results (l-D 
turbulence). This information is presented for each of the airplane responses 
considered in the Boeing aeroelastic model documents, Reference (a). Actual 
flight test responses are shown for comparison. 

An important result is that the ratios of response amplitude to gust amplitude 
obtained using 2-D gust theory do not change greatly vs. turbulence scale 
length and do not approach the 1-D theory ratios for any of the scale lengths 
commonly used for aircraft analysis. An equivalent effect was noted by D. Sawdy, 
Reference (c). Typical gust spectral densities are plotted in Figure A-l in a 
way which illustrates this property of the von Karman isotropic gust spectrum. 

In Figure A-l, the cross spectral density of two gusts at points with spanwise 
separation &y has been normalized by the gust auto-spectral density (/>y = 0). 

Flag 1 is plotted at ;>y/L = .2 and <*>L/V = k and is representative of the 
turbulence which drives B-52 low frequency modes at low altitudes (L = approx. 

500 ft.). If the scale of turbulence V were doubled, the point would be 
replotted by flag 2. Notice that it does not move appreciably upward toward 
the 1-D gust value. If the scale of turbulence were 4 times the original, the 
point would be at flag 3 . If the scale were 10 times the original the point 



Attachment (A) 
Page 3 


would be e.t flag 4, where the spectral ratio is still not significantly higher 
than for the original scale* A similar trend can be shown for higher frequency 
responses. As a matter of fact, only responses near zero frequency can be 
expected to converge to 1-D gust values for reasonable scale lengths. This 
excludes almost all responses of structural interest unless the airplane is 
without rigid body freedoms • 










Attachment (B) 


THEORETICAL AND TEST RESPONSES 

Reference Boeing Document D3-7763-^ 5 B-52 Aeroelastic Model — Frequency Response 
Function Data 


The test responses plotted in this section are tabulated in the above reference. 

No changes were made except the algebraic sign of the phase angles was reversed 
so that response lag would correspond to a negative angle. 

The theoretical responses were computed to correspond precisely with the items 
measured in flight testing. The three items plotted are phase angle of the 
cross -spectral density (response and gust), coherence of response and gust, 
and amplitude ratios of response to gust by the cross -spectral method. All are 
plotted versus frequency from 0.1 to 7.0 Hertz. 

Four sets of theoretical data are plotted--the response to one -dimensional 
turbulence (the items plotted will be independent of turbulence scale n L" for 
1-D turbulence) and the responses to two-dimensional turbulence for L = 250, 

500, and 1000 feet. The effect of scale length "L n for two-dimensional turbulence 
is small; the effect is greatest at low frequencies— above 1.5 Hertz it is neg- 
ligible. 

The two-dimensional gust amplitude ratios are very significantly different from 
the 1-D ratios, even at low frequencies. The difference increases with frequency. 

Theoretical maximum coherency for 1-D turbulence is 1.0. For 2-D turbulence it 
can be below 0.01 in the frequency range plotted. The difference in phase angle 
between 1-D and 2-D turbulence is usually small when the response amplitudes are 
reasonably large. 
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Attachment (C) 


CHOICE OF THEORETICAL GUST SPECTRA. 

Reference Boeing Document D3 -7763-4, B-52 Aeroelastic Model — Frequency 
Response Function Data 

The auto-spectral density of the gust for the flight test data is taken from 
the above reference and plotted in Figure C-l. Spectra for three scale length 
L = 250, 500 and 1000 feet, based on the von Karman turbulence model are also 
shown. The three scale lengths were chosen to bracket the range eitpected in 
low level flight. RMS levels, , were chosen so the truncated RMS values 
(from 0.1 to 7*0 Hertz) would be the same as in flight test. 'Hie spectrum for 
L = 500 feet is a good overall fit to the flight test data, but no strong 
argument can be offered that any particular L would be a "best" fit. 

It was assumed that the two-dimensional features of the flight test gust 
spectrum would be adequately described by a von Karman spectrum, scale 
length 500 feet. 
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Attachment (») 


SUMMABY OF SFECTEA1 KEIATIOWSHIPS AHD NOMENCLA.TUBE 
References • 

(a) Boeing Document D3-7060-2, B-52C-F Dynamic Response and Loads Survey 
(Volume II) - WIT 1293 

(b) Bendat, J. S. and Piersol, A. G., ''Measurement and Analysis of Random 
Data,” John Wiley and Sons, Inc., New York, 1966 

Nomenclature 

t = time, seconds 
r = correlation lag time, seconds 
f = frequency. Hertz 

x(t), y(t) = two quantities, for example CG - acceleration and gust 
velocity, which were measured and recorded continuously 
during flight through turbulence. 

^xy C 7 *) = cross-correlation function of x(t) and y(t) 

R3cx(t), Ryy(r) - auto- correlation functions of x(t) and of y(t) 

Gxy (f) = cross- spectral density function of x(t) and y(t) 

G (f), G w (f) = auto-spectral density functions of x(t) and of y(t) 

3qc yy 

£ 2 xy ( f ) = Coherence function of x(t) and y(t) 

(f) = Frequency response function, x (output) due to y (input) 

Details of the flight test data handling and the planning and justification 
of parameter choices are found in the Boeing document referenced above. 

Only items important to this report are included here. The nomenclature used is 
the same as used by J. Bendat and A. Piersol in the second reference, above. 

The relationship of these parameters is listed below . 


Standard Formulae 


dt 


— * [ x<«y<t+r) 

J l max. J 

o 

Note - R)ty (~ T ) * 

= as above, but with x replacing y. 

RyyW = as above, but with y replacing x, 


G xy (f) = a * 


jVtia*. 


lUMe 


ixt-S r 


dr 


1 

* 'max . 

Aote. GyxCf) = complex • 


G xy (4) = as above, but using . 

G»yy(f) - as above, but using 



Attachment (D) 
Pfege 2 


*5/0 - 


^TwT^'cf) 


j ^x/yCoj 


SyyCf ) 2 


if y(t) is the vertical gust and there axe no 
spanwlse gust variations 


2 

I H*/} (f )| 


&xxW 

(f> 


, if as above, and if there are no pilot inputs and 
no noise in the measurement of x(t). 


Phase angle of 


arctan 


J 'mo.^xwary p art of 

par ' f of (.4} 


] = f hase 




CO - 


Note phase angle of G y *(£) = -phase angle of <*** C-O - 


See Attachment (e), ’'Method of Response Calculations with Spanwlse Gust Variations, 
for the calculation of the response spectral densities when there are multiple, 
partially coherent, inputs. 



Attachment (E ) 


METHOD OF RESPONSE CALCULATIONS WITH SBANWISE GUST VARIATIONS 


The frequency response of a load "L" to vertical gusts can be written as: 


L(co) = |_ H,C«) Ha<V> 





w, -> y t ) r 

Wz t«*> % Vi') 


y W„ •) >h) J 

where there are T V T gust reference stations with streamwise/spanwise 
coordinates . 


Each reference gust is as sinned to directly affect only a local area of the 
airplane. Frequency responses for the load "L u due to each of the gusts must 
be known. A similar problem exists for one -dimensional turbulence when penetraticn 
effects must be considered — the gusts then are independent of the spanwise 
distance y. 


The spectral density of the load is given by 

G ll - |_ H lC*0 J £ > ** - *> ^ 



where the i, j element of the square n x n matrix [sjis the cross - 
spectral density of gusts at points (xi, yi) and (xj, yj). 




The effects of the streanmise coordinate x (penetration effect) can be isolated 
as is the case with one -dimensional turbulence. An element of the [G ww ] 

matrix can be written . , 

- 


where is real and found as follows : 

= IT $ ) cos (cor) dh 


R(^-) is the one -dimensional auto-correlation function for vertical gusts, 
the true airspeed, L «s He scale of turbufene.*. 


von 


Karman R(i) - * sw (7^ff) [ K i ( t^) ~ i(7Jrr) (tw)J 


V is 


The integration can be performed and the results expressed as follows: 

r .. - 

■ V [ (I * v'^'t 

where K * %wr > V = 1-339 

Notice the elements of the [ Gj matrix must he computed for both left and 
right sides of the airplane, even if only symmetric responses are wanted. 
Antisymmetric responses to vertical gusts can as easily be computed. 



ji> The cross-spectral density of two loads can be computed by letting the pre- 
. and post-multiplying H*s be for two different loads. 

[?> This expression is given in D. Sawdy’s thesis. See Attachment (A) reference 
c. It is identified as $ 33 (r £ ,ii,) . 



Attachment (F) 


EQUATIONS OF MOTION AND RESPONSE EQUATIONS 

References: 

(a) Boeing Document D3 -7763-1 > B-52 Aeroelastic ffodel — Summary report 

(b) Boeing Document D3“7763-3 5 B-52 Aeroelastic Itodel -- Equations of Motion 
and Response Equations — Data 

Errata: D3-7763-3* pages 1-237 and I-238, Matrix [C] W(i and Matrix [D] w5 were 
erroneously documented for the wrong response stations. All documented 
wing load calculations were correct, however. The corrected pages for 
this document are attached. 


The equations of motion used for the theoretical responses of this study were 
in the following form (LaELace Domain) : 

+s[w,] *[*•]+ s<Ks)[r*] + 

The form and coefficients are identical to those published in references a and v with 
the following exceptions : 






for convenience, the coefficients are for real-time derivatives 
instead of (Vt/b r ) derivatives „ 


The gust coefficients have been combined into a single i_R-i! matrix. 
Gust velocities “w^ " are at the following reference stations : 

Body Station Buttock Line 


-108.3 

0 . 

100.0 

0 . 

509.2 

±111.0 

675.9 

±333.0 

8 k 2.6 

±555.0 

1009.3 

±777.0 

1176.0 

±999.0 

1500.0 

0.0 

1572.0 

±90.0 

1729.0 

±260.0 


(reference gust, probe) 
(forward body ref. ) 

► (wing ref.) 

(aft body ref. ) 

} (horizontal tail ref.) 


Note that right side and left side gusts are not identical. Only the symmetric 
part of the airplane response is being computed, since the flight test responses were 
averaged (l/2 left plus l/2 right) and then correlated with the gust. 


The responses were calculated from the following equations: 

^Responses (s)j = ^ + [§] + [ c w] ^ j 

Using the mode displacement method of computing bending moments for the wing 
and body of the B-52 gives answers identical to about 3 decimal places with the 
answers of the load summation method. The mode displacement coefficients were 
used here for convenience. If the number of elastic modes were to be reduced to 
fewer than thirty, we would recommend using the documented load summation co- 
efficients • 

Coefficient matrices for the equations of motion and response equations are 
attached. 
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1.0 INTRODUCTION AND SUMMARY 

Work described in this report was performed at NASA- Langley Research 
Center through the cooperative efforts of Harley Brixey (Boeing-Wichita) and 
David Gray (NASA -Lang ley) in support of flutter suppression research conducted 
by Maynard Sand ford (NASA- Langley). 

Purpose of the work assignment was to provide technical support in 
mechanizing a flutter suppression control system for a NASA l/l7 scale wing 
aeroelastic model approximating a SST type wing. Two major areas of work 
were (1) hardware mechanization of a surface positioning control system and 
(2) analog mechanization of a NASA flutter suppression feedback control law 
developed by Dr. Nissim. ' 

The specified flutter suppression feedback control law comnands 
control surface deflections as a function of wing deflections independent 
of frequency. Ihe mechanization effort goal was to develop a physical system 
which would acconplish the control system objective with minimum frequency 
dependence over the frequency range 5 to ^5 Hz. 

A general sketch of the flutter suppression control system is shown ' 
in Figure 1. Hie feedback control law is mechanized on a general purpose 
analog computer. Photocells are used as angular deflection sensors on both 
the motor shaft and control surface. Control surface actuation torque is 
provided by a high performance electrical torque motor. Torque is transmitted 
from the externally mounted torque motor to the control surface through a 
precision fitted mechanical linkage. Two miniature accelerometers are used 
as wing motion sensors. 

End to end frequency response of the complete flutter suppression 
system deviates from the desired system frequency response as much as ±10 
degrees phase and ±10 percent gain. Leading phase and reduced gain occurs at the 
low end of the frequency band because of low frequency attenuation filtering. 
Lagging phase and increased gain occurs at the high end of the frequency band 
because of resonance effects in the surface positioning control system. Gain 
and phase deviations cross zero between 10 and 15 Hz and result in a reasonably 
accurate mechanization at the expected flutter frequency of 12 Hz. . « 

Complete system performance evaluations will be accomplished on the 
final system prior to tunnel testing. 
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2.0 SURFACE POSITIONING CONTROL SYSTEM 

A block diagram of the surface positioning control system is shown 
in Figure 2. The objective of this system is to provide almost ideal transfer 
characteristics (zero phase shift and constant gain) between electrical command 
(6 C ) and control surface deflection (6 g ) for a primary frequency band of 5 
to 25 Hz with a desired large amplitude capability of ±12 degrees deflection 
at 12 Hz and minimum low amplitude distortion. 

To even approach ideal transfer characteristics requires a position 
system frequency bandwidth much broader than the primary frequency band stated 
above. Both broad bandwidth and minimum low amplitude distortion are achieved 
with a high gain position feedback loop. A high gain loop utilizing feedback 
from the surface could not be stabilized because of linkage dynamics. Feed- 
back from the motor shaft photocell is used to form the high gain position 
loop and feedback from the surface is integrated and used for a surface trim 
loop. In addition to providing low frequency surface trim, the trim loop 
provides low frequency attenuation filtering (washout). The surface positioning 
transfer function approximation shown in Figure 2 is based on preliminary 
testing data and observations. Linkage dynamics are dependent on how precisely 
the couplings are fitted. Backlash contributes low anplitude distortion and 
phase lag. Linkage resonance, which appears to be directly related to the 
amount of backlash, contributed significant amplitude and phase deviations 
at 25 Hz. It appears that non-perfect mechanical linkage will be the primary 
contributor to surface positioning inaccuracy. 

Figure 3 shows a mechanization schematic for the surface positioning 
control system. Uiis system is scaled such that a 10 volt analog input commands 
20 degrees surface deflection. The motor has mechanical stops at ±30 degrees 
and the trim loop is limited (with Zerrner diodes) so the maximum bias on the 
motor will not restrict the large an^litude capability of the system. 

2.1 Hardware Testing 

Preliminary testing was performed with a breadboard setup of the 
actual hardware that will be used later in a wing model flutter suppression 
system. The hardware included a high performance torque motor, power amplifier, 
photocell angular position sensors, numerous operational amplifiers, and a 
mechanical linkage system between the torque motor and surface. Maynard 
Sandford designed and fabricated the mechanical linkage system. David Gray 
selected the electrical hardware and designed electrical circuits which offered 
both convenience and flexibility in the control system synthesis. 
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2.2 Torque Motor 

Torque motor data as specified by the manufacturer is listed below: 

Ki ~ 13 oz-in/anq? L ^ 200 uh 

R a = .74 ohm Friction * 4 oz-in 

j m - .003 oz-in- sec 2 Weight - 2 6 lbs 

K b = .0917 Volts/Rad/ Sec 

The motor has a permanent magnet stator and a shell type wire wound 
rotor with minimum inductance. Based on data listed above the approximate 
transfer function between armature voltage and motor shaft angular position 

is: 

®M _ 57*3 Kj/Ra Jm = 3*3^ x 105 /peg \ 

~ S(S + KbKi/RaJS S(S + 5371 ^VOLT 

Figure 4 shows normalized frequency responses of the torque motor 
as a function of input voltage amplitude. A theoretical linear frequency 
response for the motor is also shown. Some effort was expended trying to 
determine a nonlinear math model for the motor and the source of the nonlinear- 
ities. The phase and gain characteristics for the small amplitude input are 
attributed to a spring effect in the motor which is probably caused by 
residual magnetism. Friction effects in the form of low gain and less phase 
lag are apparent in the intermediate anplitude characteristics. The large 
snplitude characteristics show that a second order linear model is not sufficient 
for the motor. The large amplitude data was used as the worst case for loop 
stability purposes and requirements for electrical compensation were determined 
graphically. 

2.3 Electrical Compensation 

Figure 5 shows the electrical compensation used in the forward path 
of the motor position loop and the measured frequency response for this^ 
condensation. Condensation is used to indrove loop stability by providing 
leading phase in the frequency region where the open loop frequency response 
crosses zero db. This crossing occurs at approximately 250 Hz for the compen- 
sated loop. 

2.4 Motor Positioning Performance 

Actual motor positioning control system data is compared, to ideal 
characteristics in Figure 6. This data shows maximum deviations of 1.5% 
gai^and 7-7 degreeslhase at a .1 degree amplitude. Frequency response data 
was obtained with a transfer function analyzer. The angular position voltage 
waveform was monitored on an oscilloscope to observe sinusoidal quality and 
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noise level. Noise on the waveform was approximately 10 mv peak to peak and 
the waveform remained reasonably sinusoidal down to .01 degree amplitude. 

Loop resonance information was obtained through small amplitude 
step response. A one degree step command resulted in 70 percent peak overshoot 
which corresponds to approximately .1 damping ratio. Resonant frequency is 
approximately 250 Hz. Large amplitude steps cause amplifier saturation in 
the forward path and current limiting in the power supplies that drive the 
power amplifier. Hard saturation results in an undesirable limit cycle near 
85 Hz. Even though a limit cycle was observed during experimental testing, it 
is not expected to occur as a result of flutter suppression commands. 

2.5 Angular Position Sensor 

A sketch of photocell current- voltage characteristics and method of 
application as angular position sensor is shown in Figure 7* Theoretically, 
short-circuit current is a linear function of illumination level and cpen- 
circuit voltage varies logarithmically. Each angular position sensor is 
composed of two similar photocell segments which operate across loading 
resistance into differential inputs of an operational amplifier. 

Some sample calibration data for the motor position photocell is 
presented in Figure 8. This data is within 1 percent of the linear reference 
over the ±25 degree range. Such accuracy over this frequency range is neither 
obtainable nor required of the surface trim photocell. 

3.0 FLUTTER SUPPRESSION FEEDBACK CONTROL LAW 

The flutter suppression feedback control law that was specified by 
Dr. Nissim is presented in Figure 9* This control law commands control 
surface deflection as a frequency independent function of wing deflections and 
requires both in phase and quadrature phase components. Miniature accelerometers 
are used to obtain wing acceleration information which is processed on an 
analog computer (EAI 580 ) to produce a surface command which approximates 
the specified command. 

Figure 10 shows a block diagram of the control law mechanization. 

There are two major mechanization problems : (1) accurate double integration 

over the desired frequency band (5 to 25 Hz) results in very high low frequency 
gain, (2) period measuring, which is used in obtaining a frequency independent 
quadrature phased signal, contributes a transient time lag to amplitude change 
due to variations in frequency. 
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An analog mechanization diagram for the control law is shown in 
Figure 11. Nominal potentiometer settings are given in Table I. 

Preliminary evaluation indicates that the extremely high gain between 
accelerometer and control surface at one radian per second frequency is 
tolerable with normal noise present but must be reduced to accommodate low 
frequency transients resulting from wing transient effects on accelerometer 
resonance and null shift. 

Gain adjustment of the quadrature phased signal has a nominal rise 
time of .25 seconds. This speed of response is believed to be sufficient 
since it occurs in the secondary channel. Theoretical and experimental data 
for the period measuring mechanization are compared in Table II. 

4.0 CONCLUSIONS AND RECOMMENDATIONS 

The motor positioning control system operates with sufficient 
accuracy at amplitudes equal to or greater than .1 degree over a 5 to 25 Hz 
frequency band. The photocell used in the motor positioning loop is a good 
angular position sensor, Hie photocell located on the control surface provides 
a signal adequate for the surface trim loop. The limit cycle observed during 
testing is not expected to occur as a result of flutter suppression commands. 

Analog simulation of the flutter suppression feedback control law 
will require further study. Additional attenuation filtering is needed at 
low frequencies to accommodate accelerometer transients. A high quality 
multiplier is needed to maintain sufficient accuracy in the secondary channel 
for low amplitude signals. 
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TABLE I 


ANALOG POTENTIOMETER SETTINGS 


— — ' - ' ' 111 11 

IDENTIFICATION 

SETTING 

IDENTIFICATION 

SETTING j 

P08 

* 

P28 ! 

1 

.254** ! 

P09 

. _ - 

* 

P33 j 

.5 J 

P10 

*5 

P35 

. 16 *** 

r 




P20 

.1 

p4o 

.1 

P21 

.1 

p4l 

.1 

.. 




| P22 

.1 

p45 

.8 

P23 

.1 

p46 



.2 

P25 

.515** 

Pl+7 

.4 

P26 

.604** 

P50 

.2 

P27 

.455** 

P56 

.2 


^Variable limits on flutter system authority 
**Based on c of 14.5 inches 

***Adjust to give 4 volts out of A3 5 in response to steady state 
10 cps input to analog system 









TABLE II 


PERIOD MEASURING MECHANIZATION DATA 











